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Abstract	
Increased environmental consciousness in recent years, stimulated by concerns about human-
induced climate change, has motivated a desire to reduce the impact of the built environment 
through eco efficient design imperatives. This evolution has provided eco practitioners with 
multifaceted challenges in making their practices more ecologically sustainable through optimal 
approaches to design. One such design approach to ecological sustainability is to emulate or 
take creative inspiration from natural systems. This approach is often referred to as biomimicry. 
Most see biomimicry as a design theory and procedure that can be applied at a form, process or 
ecosystem level, although there are different views about how this is most effectively 
accomplished. The concept of biomimicry has potential application to ecologically oriented 
architectural practice, but because it has thus far attracted only limited relevant research it 
requires further clarification and development as a design approach. 
This study examines how eco practitioners perceive biomimicry as a design approach in 
architectural eco design practice. An exploratory approach, taking a post-positivist 
epistemological framework informed a mixed method, correlational, project-based research 
design. Specific objectives and a theoretical enhancement were developed to identify some key 
constructs that could contribute to a more comprehensive Biomimicry Approach to architectural 
eco design practice. The theoretical contribution was a model and framework for ‘biomimicry 
thinking’ which suggested ways of addressing problems of conceptualisation and understanding 
the complexities of ecological integration that had been identified as barriers to the practice of 
ecologically sustainable design. The empirical contribution of the study was a recommendation 
for a Biomimicry Approach, which proposed simultaneous use of indirectly mimicking and 
directly mimicking for architectural eco design projects. Multivariate statistical analysis 
recognised ‘biomimicry principles’, ‘design propositions’ and ‘physical attributes’ as the most 
significant predictors that can enhance ecological sustainability in architecture. While the 
empirical findings reconfirmed the theoretical development, overall, the study’s outcomes in 
relation to biomimicry, advanced understanding of ways to reduce waste by efficient spatial 
design, particularly in encouraging architectural input to the concept of  a ‘reduction scenario’ 
for the future ‘ecological age’. This thesis adds important knowledge to underpin future 
research and recommends biomimicry design indicators, design matrix and possibilities for the 
use of vernacular architectural strategies for the development of future eco design practice. 
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sustainability                  	 Cross-generational maintenance of ecosystem components and functions 
Evolution                         Any cumulative genetic change in a population of organisms from 
generation to generation 
Factor                             	 A component or independent variable 
Factor loading                	 The regression coefficient of a variable for the linear model that 
describes a latent variable or factor 
Fibonacci                    	 A number series observed in various natural objects; phenomena 
as a proportioning system for art, music and architecture 
Green building           	 The product and process of developing a built environment using 
resource efficiency and ecological principles 
Golden section          	 A ratio or proportion derived from natural forms defined by the 
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Preface		
This investigation is directly related to my professional experience as a lecturer in biomimicry, 
design education, and ecologically sustainable design at the University of Moratuwa, Sri Lanka. 
When I began teaching in 1999, I was given the opportunity to develop a teaching module -Nature 
Studies for Design and Architecture undergraduates. This helped to change my thinking as a 
designer and architect, encouraging me to consider how best to use nature as a guide and 
inspiration for design. Since the students were in their first year, the module needed to be 
stimulating and innovative. I conducted an in-depth review of existing literature in the field of 
‘designing with nature’ and developed a design teaching tool, the Nature Studies Analysis Model 
(NSAM), to show students how to think and design ecologically. While this approach was well 
suited to the needs of design students in areas such as jewellery, ceramics, fashion, textiles, 
furniture and graphic design, it was less successful with architecture students, which suggested that 
the model lacked some significant features that would make it applicable to architectural design. 
My own practice philosophy was based on the minimalist approach that is, doing ‘more with less’. 
From the beginning, my design approach strongly reflected my cultural heritage―design without 
harm to the environment and the Buddhist way of living in simplicity. In other words, designing 
with natural concepts in mind was already intuitive. After teaching Nature Studies for almost ten 
years (1999-2009) and practising architecture in my own firm at the same time, I realised NSAM 
had progressively influenced my own design process, making me think in a more ecologically 
oriented way and enhancing my perception of design. Unconsciously, I had been using this 
thinking process to design buildings. I was better able to understand the environmental constraints 
at site, client’s needs and behavioural patterns, to use space more effectively, and to integrate 
energy efficient materials into the structure without compromising aesthetics. I was able to generate 
a distinctive form to suit the specific function and context, but could not explain how I was 
accomplishing this. Each year, my architectural work was recognised in positive responses from 
clients, exhibitions, awards and publications. 
In 2008, I was invited by the University of Moratuwa to design one of the most prestigious 
international buildings in Sri Lanka, the SAARC Cultural Centre, which is now under construction. 
This design was based on ecologically sustainable principles, with the utmost sensitivity to cultural, 
regional and environmental aspects of the site. It involved utilising eco-technologies and system 
integration methods to advance its simplistic form. The main requirement was to represent a 
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common South Asian cultural identity for all eight SAARC member nations while also reflecting 
the individual identity of each. Designing this project gave me an opportunity to research the eco-
architecture, culture, geography, and historical importance of all SAARC member nations, which 
allowed me to gather information on design attributes at a universal level and identify common 
characteristics of South Asian culture. The scenic 12-acre site features an undulating terrain, which 
facilitated actualisation of the concept touching the ground lightly, helped to maintain the 
biodiversity and to reduce the footprint of the building. 
My own experience of practice and teaching, as well as curiosity, led me to further explore nature 
related fields, specifically biomimicry and ecologically sustainable design. Biomimicry involves 
emulating or taking creative inspiration from nature to generate design sustainably. Biomimicry has 
been identified by many as having potential to contribute to ecological sustainability but has to date 
proved elusive as a design approach that is applicable to architectural eco design practice. The 
literature identified the main limitation as inadequate understanding of a systematic thinking 
process based on a deep understanding of ecology that is appropriate to the conceptualisation of 
ecologically sustainable design. This specific knowledge gap was the starting point for the present 
investigation. 
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Introduction	
Increase in GHG emissions by human activities has caused ‘climate change’ that has led to 
increases in many natural hazards. Due to climate changing faster than some species may be 
able to adapt has affected the health of ecosystems (Callicott  & Mumford 1997). Currently, 
building construction accounts for more than 50% of GHG and more than 50% of consumption 
of energy and materials, highlighting the importance of a ‘reduction scenario’ (Word Wildlife 
Fund, 2006) either by adaptation or mitigation (Pedersen Zari, 2010). While this has been a 
major concern of policy makers, environmentalists, researchers and practitioners in the building 
and construction industry, many organisations are now conducting research into mitigation or 
adaptation. Although, some researchers are currently investigating adaptive strategies for 
building design (Snow  & Prasad 2011), and producing knowledge, policies, and assessment 
tools and methods for climate-adaptable buildings (Dave , Varshney  & Graham 2012), limited 
research has been done on ecologically sustainable design approaches that can mitigate waste of 
resources by understanding the processes of adaptation of natural systems. 
Architects of the 21st century face an ecological design challenge to develop optimal processes 
for design, construction and operation. This includes developing integrated design approaches 
(Mendler, Odell & Lazarus, 2006, p. 16) with far fewer materials and energy resources and far 
less waste but without restricting creative innovation. According to Head (2008), there are three 
objectives to achieve a so called ‘ecological age’ by 2050: “CO2 emissions reduction by 80%, 
ecological footprint reduction to 1.44 gha/person and to increase human development index 
improvement” (p. 15). Guy and Farmers expresses the implications of ecological design for 
architecture by emphasising the theoretical challenges needed to delineate what is meant by 
calling a building ‘green’ (2001, p. 140). Despite attempts to meet these challenges, critics 
suggest most green buildings are an outcome of performance-driven agendas of environmental 
policies, benchmarks and rating systems, and operate as an accumulation of eco technologies 
(Hyde, Watson, Cheshire & Thomson, 2007; Wines, 2000; Yeang, 2006). 
Ecological sustainability is suggested as an approach to conservation (Callicott  & Mumford 
1997) that aims to preserve ecological integrity (Angermeier  & Karr 1994; Noss 1995) and 
biodiversity (Noss 1990). It is proposed that new design thinking and implementation strategies 
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are required to “move to a sustainable way of living within environmental limits over the next 
few decades, allowing for continued human development and population growth, whilst 
adapting to climate change impacts ” (Head, 2008, p. 5). Most argue this would result in the 
transformation from an ‘industrial age’ to an ‘ecological age’ by the years 2030 or 2050 
(Architecture 2030, 2011; Hawken, Lovins & Lovins, 1999; Mazria, 2010). However, many of 
the approaches to ecological sustainability that currently exist require design clarity and 
integrity. To achieve this, designers must be able to collaborate in a design process that is 
informed by a holistic perspective and is systematically organised. However, there appears to be 
a lack of systematic design thinking based on a deep understanding of ecology (Hyde, Watson, 
Cheshire & Thomson, 2007; Kellert & Wilson 1993; Orr, 1992) that is appropriate for 
ecologically sustainable design in architecture. A systematic design thinking process based on 
deep ecology balances physical attributes with eco-efficiency (Huppes & Ishikawa, 2005) 
initiatives through holistic integration rather than an accumulation of parts (Mazzoleni & 
Shauna, 2013). Such an integrated and unified approach has the potential to contribute to the 
goal of ecological sustainability towards an ‘ecological age’. 
Most researchers of sustainable design argue that sustainable principles are better understood by 
taking nature as a logical model of ecosystem functioning (Mendler, Odell & Lazarus, 2006, p. 
14). This involves developing a design approach to human ecological built systems that 
integrates with and adapts to natural ecological systems whilst understanding its integration of 
human behaviour patterns. In this context a potentially valuable approach to ecologically 
sustainable design thinking suggested is biomimicry (Mazzoleni & Shauna, 2013; Orr, Sven 
Erik & Brian, 2008). This is a design approach that emulates or takes creative inspiration from 
nature as a model, mentor or measure at the level (Baumeister, Tocke, Dwyer, Ritter & Benyus, 
2013) of the form, process or ecosystem within the limits of sustainability (Hawken, Lovins & 
Lovins, 1999; McLennan, 2004). As Head (2008) suggests: “A very logical approach is to adopt 
principles that mimic the biological system that we are a part of. It is an extension of the 
sustainability principles” (p. 41). Pedersen Zari (2010) examines biomimicry as a  means of 
mimicking organisms or ecosystems and introduces strategies either to mitigate the causes of 
climate change that the built environment is accountable for, or adapt to the effects of climate 
change (p. 172). However, international research recognises numerous difficulties employing on 
biomimicry as a design approach to architectural practice, which has been only minimally 
explored (Pedersen Zari, 2007; Pedersen Zari, 2010). One obstacle is the lack of a clearly 
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distinct approach to biomimicry that architectural designers can primarily employ, aiming to 
enhance sustainability of the built environment (Vincent, Bogatyrev, Bogatyrev, Bowyer & 
Pahl, 2006). 
This study therefore explores a Biomimicry Approach to enhance architectural eco design 
practice. This chapter provides a brief overview of the overall study (Figure 0.1), by introducing 
the research approach, aim, development of questions and steps taken to articulate the findings. 
Significance	of	the	Problem	
Most have difficulty understanding the ecosystem in terms of a design theory and developing it 
into a complete design approach for built systems. Examination of identified barriers to 
ecologically sustainable design at different ‘scales’ shows that our current approaches to 
ecological sustainability are characterised by a reductive mind-set that does not fully grasp the 
complexities of ecosystem based theories, approaches, models and principles (Chapter 1). It has 
been argued that there is a need for a systematic thinking process (Orr, 2014) based on a deep 
understanding of ecology (Orr, Sven Erik & Brian, 2008), which currently remains elusive in 
architectural eco design practice. 
Although many consider biomimicry as a design thinking process and its appropriateness for 
application to ecology is acknowledged (McLennan, 2004; Pedersen Zari, 2015), as a design 
approach it remains theoretically immature (Marshall  & Lozeva 2009). At present, there is no 
consensus about what a Biomimicry Approach for architectural eco design practice actually is, 
nor where it fits with other related disciplines, such as biophilia (Wilson 1984), biomimetics 
(Bhushan, 2009), bionics, biognosis (Wilson, 2008), ecomimicry (Marshall, 2007), regenerative 
design (Cole 2012), and nanotechnology (Uskokovic, 2008). While many consider biomimicry 
to be a potentially important strategy for sustainability (Hawken, Lovins & Lovins, 1999), some 
critics argue that it is a vague, inconsistently applied catchphrase (Marshall, 2007). Nor is it 
clear how biomimicry fits into the wider context of ecologically sustainable design practices and 
what and how it currently contributes to architecture. The limited evidence emerging from 
current architectural practice (Chapter 2) reveals difficulties with scale and other complexities in 
the application of biomimicry. 
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The present study shows that biomimicry has had only limited exposure as a theoretical and 
design tool within architectural eco design practice and identifies the following specific 
knowledge gaps (Chapters 1 and 2) which help structure the research aim and the questions to 
be addressed. 
 limited understanding of biomimicry as a design thinking approach in 
architectural eco design practice 
 limited understanding of the applicability of biomimicry in architecture  
 limited knowledge about eco practitioners’ view of the overall effectiveness of 
biomimicry as a design approach to enhance ecological sustainability in 
architecture 
 
A simpler systematic design process is needed that can be easily understood and applied to 
architectural eco design practice. 
Aim	and	Research	Questions	
The purpose of this study is to constitute a Biomimicry Approach in eco design practice in 
architecture by identifying how  conceptualise and use biomimicry as a design approach in 
architectural eco design practice. This entails: understanding where biomimicry sits within the 
suite of ecologically sustainable practices in architecture; investigating how biomimicry, as a 
theory and as a design approach, is currently applied in practice; and how it can be further 
extended to address some of the limitations and barriers identified to the practice of ecologically 
sustainable design in architecture (Chapter 1). 
The study thus aims to explore a Biomimicry Approach for architectural eco design practice. 
Four main research questions were developed to assess the use of biomimicry as a design 
approach among: 
1. Q1 How effective are the ‘constituents’ (dependent constructs identified from 
literature review) of a Biomimicry Approach in architectural eco design 
practice? 
2. Q2 How effective are ‘scales’ (independent constructs identified from literature 
review) of a Biomimicry Approach, in architectural eco design practice? 
3. Q3 What are the ‘components’ of a Biomimicry Approach that correlates most 
effectively to architectural eco design practice? 
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4. Q4 What are the most effective ‘predictors’ of a Biomimicry Approach to 
enhance ecological sustainability in architecture? 
The research purposes to understand how biomimicry as a design approach has been applied in 
architectural eco design practice. In other words, its characteristics constructs (‘constituents’ 
and ‘scales’) identified from the literature review were commented on by in order to access their 
correlations to each other in an architectural eco design practice. 
The following section explains the sequence of steps employed to develop and find answers to 
the research questions. 
Steps	in	Responding	to	the	Research	questions	
A summary of the key steps are presented which assisted in developing and responding to the 
research questions of the overall study. These include the literature review (background, 
problem, gaps in knowledge), design and method, analysis, validation, and the intended 
outcome and overall contribution of this study. 
Literature	review	
The literature review mainly focused on two domains: ecologically sustainable design in general 
(Chapter 1) and biomimicry specifically (Chapter 2). During the review process in Chapter 1, 
five main barriers to the practice of ecologically sustainable design were identified (Gamage & 
Hyde, 2012). The review of literature on biomimicry (Chapter 2) helped, to a certain extent, 
identify gaps, reconfirm the definitions and to clarify the ‘constituents’ (dependent constructs) 
and ‘scales’ (independent constructs) of a Biomimicry Approach (Gamage & Hyde, 2012). It 
also became clear that this was a grey area that required further investigation. This includes 
investigating the potential of biomimicry as a design approach that helps to integrate design 
attributes of ecological sustainability. This was extended to include systematic design thinking 
processes in biomimicry (Chapter 3) that are relevant to ecologically sustainable design 
(Gamage & Hyde, 2012). 
Thus the initial challenge in conducting the literature review was to locate information about the 
most suitable constituents of a Biomimicry Approach and to identify variables suitable for 
ecologically sustainable design. This in turn guided the development of the research design 
towards an investigation of how eco practitioners view these identified constructs (dependent 
and independent) and their variables in a Biomimicry Approach for architectural eco design 
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practice. The review identified key constructs and its variables and a correlational approach was 
used to understand the relationships between them (Chapter 4). 
Survey	design	and	method	
As an exploratory approach, this research takes a post-positivist epistemological framework that 
informed a mixed method, correlational, project-based approach was used to examine how eco 
practitioners perceive the efficacy of a Biomimicry Approach in architectural eco design 
practice. The four main research questions were addressed using both quantitative and 
qualitative data collection and analysis techniques. The primary method of data collection was 
an online practice survey of a stratified random sample of (architects and non-architects). 
Statistical analysis is being supported by qualitative content analysis of the practice survey. The 
interview quotations and documentary evidence are used only to validate the primary research 
findings (figure 0.1). 
This research inquiry model was formulated to explore how biomimicry theory is applied in 
ecologically sustainable practice using multiple sources of evidence. The online practice survey, 
aimed to identify correlations within an identified set of constructs and their variables from 
literature on ecologically sustainable design (Chapter 1), biomimicry (Chapter 2) and systematic 
design thinking processes related to biomimicry (Chapter 3). 
The research was designed to address the four primary research questions. The first step was to 
prepare a taxonomy of architectural eco design practices. This involved conducting a keyword 
search of the literature on ecologically sustainable design and biomimicry in order to identify 
existing eco projects, eco design practices and  and to establish the extent to which a 
biomimicry as a design approach has been used in practice (Chapter 4). 
Data were collected via a practice survey of eco practitioners. The questionnaire contained both 
closed-ended (Likert-type rating and multiple choice) and open-ended questions. The former 
were subjected to sequential quantitative analysis, which involved multivariate statistical 
analysis, specifically exploratory factor analysis and standard multiple regression (Chapter 5). 
The open-ended responses were subjected to qualitative content analysis (Chapter 6), which 
supplemented the primary quantitative-statistical findings. Semi-structured interviews were 
conducted with a stratified sample of eco architects who had designed eco building projects. 
Both the interviews and published literature associated with their projects were used to further 
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validate the overall findings. Although these data were only used to validate the findings, it also 
generated new findings and suggested avenues for future research. The overall research 
methodology is further elaborated including the sub research questions in Chapter 4 and only a 
summary of which is presented in Table 0.1. 
Table 0.1: Research questions to methods and techniques 
Research Questions  Research methods to findings Research techniques-
measurements and tools 
Q.1 How effective are 
the ‘constituents’ of a 
Biomimicry Approach in 
architectural eco design 
practice? 
Literature review of biomimicry- definitions 
and overview identified the dependent 
constructs of a BA were introduced to  via 
a practice survey-online questionnaire and 
the data was analysed to understand their 
effectiveness to architectural eco design 
practice 
Quantitative analysis 
SPSS version 20-–Close ended –
Interval, Ratio- Likert scale-Interval, 
Multiple choice-ratio descriptive statistical 
analysis, frequency tables, t-test, ANOVA 
 
Qualitative content analysis  
NVivo 9.2 (Open ended)-Text search, 
Word frequency, Matrix coding 
Q.2 How effective are 
the ‘scales’ of a 
Biomimicry Approach in 
architectural eco design 
practice? 
Literature review biomimicry and 
ESD- ESD principles, biomimicry 
principles, comparative analysis of ESD 
approaches identified a set of 
independent constructs of a BA and were 
introduced to  via a practice survey-online 
questionnaire and the data was analysed 
to understand their effectiveness to 
architectural eco design practice 
Quantitative analysis 
SPSS version 20--Close ended –Interval, 
Ratio- Likert scale-Interval, Multiple 
choice-ratio descriptive statistical 
analysis, frequency tables, t-test, ANOVA  
 
Qualitative content analysis  
NVivo 9.2 (Open ended) -Text search, 
Word frequency, Matrix coding 
Q.3 What are the 
‘components’ of a 
Biomimicry Approach 
that correlates most 
effectively in 
architectural eco design 
practice? 
Comparative Analysis of ESD and 
biomimicry , ecosystem based models, 
principles, theories helped identify the 
terms for the components identified from 
exploratory factor analysis 
 
Quantitative analysis – 
SPSS version 20 multivariate statistical 
analysis : Exploratory factor analysis, 
Reliability test 
 
Qualitative content analysis-  
NVivo 9.2-— Matrix coding 
Q.4 What are the most 
effective ‘predictors’ of a 
Biomimicry Approach to 
enhance ecological 
sustainability in 
architecture? 
Most effective ‘‘predictors’’ for a BA was 
found by standard multiple regression 
analysis which were supported by the 
findings of descriptive and exploratory 
factor analysis 
Quantitative analysis – 
SPSS version 20- Standard multiple 
regression 
 
Qualitative content analysis- 
NVivo 9.2- Matrix coding 
	
Data	analysis	
Multivariate statistical analysis was used to find the correlation between the constructs and 
overall efficacy of a Biomimicry Approach of the identified set of constructs and its variables 
for ecologically sustainable design. These findings were supplemented by analysis of qualitative 
data. Both sets of findings were validated through in-depth, project-based interviews. 
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Descriptive statistical analysis was used to address some of the specific questions under the 
primary research questions: Q1 and Q2. Exploratory factor analysis was used to assess the 
relationship among dependent variables and to reduce the number of variables to a manageable 
size for standard multiple regression analysis. The ‘components’ identified by principle 
component analysis of exploratory factor analysis were taken as independent variables. Those 
independent variables with the highest correlation were used to address Q3. Standard multiple 
regression analysis identified the main effectiveness ‘predictors’ of a Biomimicry Approach in 
architectural eco design practice to address Q4. 
Data	validation	
In this study the primary findings of the online practice survey were validated using interviews 
and project based documentary evidence. (Figure 0.2).The findings from all research techniques 
(Chapter 5 and 6) were validated internally and externally. The overall trustworthiness of the 
results was established by describing the internal and external research validity, objectivity and 
reliability of the quantitative data and the credibility, dependability, transferability and 
confirmability of the qualitative data (Groat & Wang, 2002; Groat & Wang, 2013). 
 
Figure 0.1: Triangulation validation of data (author) 
Triangulation was used to confirm similar findings within methods, and among different 
methods. As an overall validation technique, triangulation is particularly appropriate for mixed 
Practice
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methods (quantitative and qualitative) studies, since it allows related findings from different 
methods to be compared with each other, thus bridging reliability and validity (Cohen, Manion 
& Morrison, 2000) to establish overall trustworthiness. 
Organisation	of	the	Thesis		
The thesis organisation is summarised in figure 0.2 and each chapter aim is discussed. 
Chapter 1 presents a critical review of literature on ecologically sustainable design and 
discusses the limitations and main barriers to its implementation. It identifies significant gaps in 
current knowledge, theory and architectural eco design practice. It argues that comprehending 
the ecosystem functioning holistically, as a design concept, is central to the problem and its 
solution. 
Chapter 2 identifies and reviews the literature on biomimicry as a ‘concept’, a ‘procedure’ and 
an ‘application’, and examines its relationship to ecologically sustainable design. Understanding 
the potential constituents of a Biomimicry Approach for architectural eco design practice is 
explored in detail. 
Chapter 3 presents a form of ‘biomimicy thinking’ for architectural design (which ‘constitutes’ 
a theoretical enhancement), compares relevant systematic design thinking processes related to 
biomimicry, with particular attention to Nature Studies Analysis (NSA) and other analogical 
translations. It develops a Bomimicry Theoretical Model (BTM) and a Biomimicry Theoretical 
Framework (BTF) and discusses the design and construction of an Eco-House, designed by the 
author from which some of the ‘design propositions’ relevant to a Biomimicry Approach for 
architectural eco design practice were developed. These theoretical developments underpin the 
research inquiry model that helped to structure the research questions and research design. 
Chapter 4 presents a detailed account of the research methodology. A mixed methods approach 
was used to collect quantitative and qualitative data through an online practice survey, project-
based interviews and literature analysis. The chapter explains how concepts drawn from 
ecologically sustainable design and biomimicry informed the development of the questionnaire, 
describes the procedures used to sample and recruit the targeted population of eco practitioners, 
and discusses ethical aspects of the project. 
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Figure 0.2: Thesis organisation (author) 
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The pilot studies for both the questionnaire and interview workings are reported, and the 
techniques of data collection, analysis and validation are described. 
Chapter 5 presents results from analysis of the quantitative data (responses to the closed-ended 
questions, ratings and multiple choice items). The statistical techniques used in this analysis are 
explained. The analysis identified a set of ‘predictors’ to assess the overall efficacy of a 
Biomimicry Approach, as perceived by eco practitioners (architects and non-architects). 
Chapter 6 presents results from analysis of the qualitative data in the questionnaire (responses to 
open-ended questions). An inductive approach (qualitative content analysis) was used initially 
to identify patterns and themes in the data. Then a deductive approach was used to relate these 
to the findings from the statistical analysis. 
Chapter 7 summarises and discusses the main findings in relation to the research questions. The 
appropriateness of the research model is assessed. It presents some of the relevant interview 
discussions with eco architects and documentary accounts of relevant building projects. As 
previously noted, these data were mainly used to validate the findings and interpretation of the 
data reported in Chapters 5 and 6. The analysis, however, generated additional insights and 
suggestions for future research in biomimicry and ecologically sustainable design. A 
Biomimicry Approach for architectural eco design practice is proposed from the overall 
analysis. 
Synopsis and conclusion outlines the key theoretical and empirical contributions of the research 
to the fields of biomimicry and ecologically sustainable design. The relevance of the developed 
‘biomimicry thinking’ and Biomimicry Approach is seen as an enhancement to architectural eco 
design practice. It also makes recommendations for future work to enhance ecological 
sustainability in architecture, notably the development of Biomimicry Design Indicators (BDI), 
Biomimicry Design Matrix (BDM) and relating to vernacular architectural strategies. 
Limitations	of	the	Study		
Both ecologically sustainable design and biomimicry have many applications (practice, 
education, business, design software, bio-digital design theory, and design process) in a wide 
range of disciplines such as medicine, engineering, marketing, and commerce, among others. 
Although incidental reference is made to related areas such as design education, bio-digital 
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design and ecological theories, the focus of this study is limited to the field of building 
construction and the search for a Biomimicry Approach that is applicable in eco practices 
related to architecture. 
One significant limitation was identified during the exploratory stage of the study. There is a 
substantial gulf between the disciplinary knowledge of biomimicry (which focuses on the 
natural world) and architecture (which is concerned with man-made objects). Biomimicry is a 
process that relates to natural evolution, while architecture creates a built environment. This 
restricts the amount of cross domain knowledge available to both biologists and architects. In 
fact, this has been identified as one of the major limitations on the applicability of biomimicry 
to architecture (Wilson, 2008, p. 7). 
It has been suggested that biomimetic methods are more applicable in mechanical engineering 
than in architecture. This is because the scale of manufacturing and its capacity for mass 
production make research investment in biomimetic strategies more attractive. It is difficult to 
reproduce building design in the same way, since projects vary in relation to clients, users, 
context, scale and complexity. While this particular limitation has been identified as a major 
drawback in applicability of biomimicry in architectural practice, its existence provided the 
impetus for the present investigation. 
The overlap between ecologically sustainable design and biomimicry was both a limitation and 
an advantage in the present study. Although many ecological design processes have been 
developed or are under investigation, the potential for a systematic design thinking process and 
an approach based on the concepts of biomimicry to ecologically sustainable design in 
architecture has rarely been explored. 
In this study, reference material pertaining especially to the applicability of biomimicry, in 
architectural practice have been referred mostly via web sites, since most literature on building 
projects have been less published in books or refereed papers. 
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Summary	
This chapter presented an outline of the background, problems, aims, research questions, 
methodology and the intended contribution to the field (Figure 0.3). It explained the 
significance of the research problem in the context of the role of architects in the anticipated 
‘ecological age’. It has argued that there is a need for a systematic thinking process and an 
approach based on a deep understanding of ecology, which currently remains elusive in 
architectural eco design practice. It emphasised the importance of seeing biomimicry as a 
potential approach to architectural eco design practice. Such an integrated and unified approach 
has the potential to contribute to the goal of ecological sustainability. 
Most researchers indicated that sustainable principles are better understood by taking nature as a 
logical model of ecosystem functioning. This chapter has introduced the pathway that will be 
followed to propose a ‘biomimicry thinking’ and a Biomimicry Approach by examining how 
eco practitioners perceive the effectiveness of biomimicry as a design approach in architectural 
eco design practice. Thus the present investigation makes an original contribution by giving 
additional knowledge to both fields (biomimicry and ecologically sustainable design) especially 
in relation to ecologically informed sustainable design practices in architecture. 
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Background  designing for ecological sustainability, ESD and biomimicry  
  
 
Problem 
 
designs of buildings- ecological design challenges for climate change 
and architects role; optimal strategies to reduce waste by design 
Gap of Knowledge 
 
limited understanding of an ecological thinking design process  
limited understanding on applicability of biomimicry in architecture  
barriers to ESD  
limited knowledge on eco practitioners view of a Biomimicry 
Approach (BA) in architectural eco design practice 
  
Aims 
 
how  perceive the effectiveness of biomimicry as a design approach 
in eco design practice 
how a BA fit within the context of architectural eco-design practices
  
Significance 
 
contribution to architectural eco design practices 
overall contribution to expand knowledge in fields; ESD and 
biomimicry
  
Literature Review 
barriers identified in ESD, biomimicry seen as a potential solution, 
systematic design thinking process for ESD: introducing BTM and 
BTF, design propositions as theoretical enhancements 
  
Research Approach 
 
exploratory approach-theory applied in practice: how the identified 
‘constitutes’ and scale (from literature review) of a BA have been 
applied in architectural eco design practices 
  
Research Questions 
 
what is a Biomimicry Approach in architectural eco design practice? 
Q1-How effective are the ‘constituents’ of a BA in architectural eco 
design practice 
Q2- How effective are the ‘scales’ of a BA identified in the literature 
review in eco design practice? 
Q3- What are the ‘components’ of BA that contribute most effectively 
in eco design practice? 
Q4- What are the best ‘predictors’ of BA to enhance ecological 
sustainability in architecture?
  
Research System Inquiry post-positivist epistemological framework and deductive /inductive 
reasoning 
  
Research Method correlational and project based approach: mixed methods 
  
Research Techniques practice survey-online questionnaire (close and open ended) 
validated by interviews: project based & documentary evidence 
  
Data Analysis  
 
quantitative analysis –multivariate statistical analysis (MSA): EFA 
and SMR (SPSS) and qualitative analysis-qualitative content 
analysis (QCA):WF,TS,MC (NVivo 9.2) 
  
Data Validation 
 
overall trustworthiness and triangulation validation –multiple 
techniques 
  
Research Outcome 
 
a Biomimicry Approach (BA) for architectural eco design practice by 
perceiving views of eco practitioners: architects and non-architects of 
its constructive ways used to enhance ecological sustainability in 
architecture
 
Figure 0.3: Overall research overview (author) 
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Chapter	1: 	
Barriers	to	Ecologically	Sustainable	
Design		
This chapter reviews the literature on designing for sustainability and ecologically sustainable 
design and identifies some of the main barriers that confront eco practitioners. It examines the 
controversies, limitations and ecological challenges faced by architects in the context of global 
climate change and the steps taken by the Australian Institute of Architects (AIA) and the 
American Institute of Architects (AIA) in response to environmental policies, principles and 
design guidelines. It also discusses the introduction of environmental technology initiatives that 
affect the ‘eco efficiency’ (Huppes & Ishikawa, 2005) and performance of buildings. Particular 
attention is paid to discussions around the goal of an ‘ecological age’ by the year 2030 
(Architecture 2030, 2011) or 2050 (Mazria, 2010) and what could be the contribution of an 
architect in this context. The transformation plan developed by the American Institute of 
Architects followed by many other architectural institutions globally encourages the 
development of new strategies for design optimisation related to waste, materials and energy. 
The chapter discusses more effective ecologically sustainable precepts and that models need to 
be incorporated into building design to achieve ‘eco efficiency’ holistically; balancing the 
economic and social value with reasonable environmental quality (Huppes & Ishikawa, 2007). 
It identifies key knowledge gaps; limitations and some barriers in comprehending the theory and 
practice of ecologically sustainable design, some of which are addressed in the present study. 
The literature reviewed in this chapter provided an overall framework within which to review 
the more specific literature on biomimicry in relation to design in the next chapter (Chapter 2). 
.
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Designing	for	Sustainability	
Designing for sustainability requires awareness of the full short 
and long-term consequences of any transformation of the 
environment,[whilst] Sustainable design is the conception and 
realisation of environmentally sensitive and responsible 
expression as a part of the evolving matrix of 
nature.(McDonough, 1992, p. 2) 
Many pioneers of sustainable architecture observes that the basis of sustainable design lies in 
understanding the philosophy, theories, approaches and principles of ecosystem functioning, 
that is, how natural systems are organised, sustained and recycled within a habitat. Designing 
for sustainability is an attempt to address to the crisis of sustainability described by David Orr 
(1992) and others by understanding various ways to manifest the optimum fit between humanity 
and its habitat. Many organisations and individuals seek solutions to this crisis, through 
‘designing for the environment’ (Stegall, 2006). Designing for sustainability is reflected in 
approaches such as; Natural Capitalism (Hawken, Lovins & Lovins, 1999), which involves both 
protecting the biosphere and improving the economy; and Cradle to cradle (McDonough & 
Braungart, 2002) which provides an understanding that in nature waste equals food and is an 
applied method for managing resources in a sustainable way. The philosophical premise of 
sustainability is to achieve a harmonious relationship between social, economic and ecological 
domains by implementing the concept of whole system thinking (Hawken, Lovins & Lovins, 
1999).  
Nature is viewed as a logical model for ecologically sustainable design, in which linear 
processes give way to cyclic processes that seek to harness natural energy flows and biological 
processes, eliminate waste and improve resource efficiency (Mendler, Odell & Lazarus, 2006). 
In this context, the Hannover Principles (McDonough, 1992) provided a platform upon which 
designers can work towards sustainable ends by understanding the interdependence between 
nature and their adaptations (Table 1.1). All those who are inspired by human creativity to 
change the environment can be considered designers, since design involves the conception and 
realisation of human needs and desires (Rosemond & Anderson, 2003) while designers who 
make this change with minimum damage to the environment can be considered eco designers. 
Some critics, however, argue that designing for sustainability involves a competing set of 
environmental strategies within so-called ‘sustainable design’, ‘green design’ and ‘regenerative 
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design’ with little or no clear differentiation between them, but characterised as doing minimum 
harm to the environment (Cole 2012). This has been identified as a significant barrier to the 
solution to pressing issues such as global warming (Guy & Farmer, 2001, p. 1). Our Common 
Future, also known as the Brundtland Report, characterised sustainable development as 
“development that meets the needs of the present without compromising the ability of future 
generations to meet their own needs” (Brundtland, 1987). In this document, the concept of 
sustainability embraces the ideal of balancing the needs of developing economies with the social 
responsibility to protect the environment in order to improve quality of life and human well-
being. 
Sustainable development has become central to the agenda of the building design professions. 
Unfortunately, current practices fail adequately to recognise the problems of depleted resources, 
pollution and declining biodiversity (Mendler, Odell & Lazarus, 2006). Sustainability implies 
the ability to maintain (McLennan, 2004) and to understand the needs of the present without 
compromising the assets of the future (Brundtland, 1987). It focuses on minimising the human 
impact on the natural environment. Sustainable design represents one aspect of sustainability, 
which recognises the interdependence between building, respect for the natural environment and 
responsiveness to people’s needs (McLennan, 2004). Sustainable design is a multifaceted 
approach to design that addresses the environmental crisis but which is not without problems. 
Some critics believe that it is critical to rethink sustainability as an opening with a change of 
attitude with an intrinsic value to design suitably for an ‘ecological age’ (Khan , Vandevyvere  
& Allacker 2013, p. 184)  
Designing	for	Ecological	Sustainability	
[w]e must change dramatically and transform society to 
correspond more closely with ecological systems.... The notion 
that ecological sustainability is a future problem denies their 
existence. (Birkeland, 2002, p. 1) 
Sustainability requires more than nontoxicity or recycling, but instead requires new approaches 
for shaping people’s lives, values and behavioural qualities to promote an ecologically 
sustainable society (Stegall, 2006, p. 58). In the field of design and construction, theorists, 
researchers and educators have coined a variety of terms to capture concept of ecological 
sustainability to promote ecologically sustainable design. David Orr in his book Ecological 
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Literacy observe that ecological sustainability will be achieved when every individual embraces 
a set of values attributes and characteristics he calls ‘ecological literacy’ which enables people 
to live in harmony with the natural environment. ‘Ecological literacy’ understands the language 
of the environment and comprehends ecology as a concept of sustainability to solve problems. 
Many believe that by integrating values and attitudes of sustainable living to human behaviour it 
may encourage the creation of an ecologically sustainable society (Guy & Farmer, 2001; Orr, 
1992; Svec Phaedra , Berkebile Robert  & Todd 2012) which may eventually lead to an 
‘ecological age’. 
Sustainability, however, is a contested concept around the broad notion of environmental 
consciousness. Its interpretation varies in different disciplines. Some interpretations identify 
three dimensions of sustainability―environmental, social and economic―as necessary for 
human well-being. Others argue that the environment should be given priority over social and 
economic sustainability since, without the environment, the others cease to exist. In relation to 
ecologically sustainable design disciplines, specifically green design, eco design, environmental 
friendly design, and bioclimatic design are usually related to the environmental aspects of 
sustainability being a priority, while low energy design, life cycle assessment, use of passive 
cooling and daylight, among other design disciplines are considered as eco design tools or 
techniques to achieve ecological sustainability. Perhaps the most widely used and understood 
term is ecologically sustainable design, which was first used in Australia in 1990 (Harding, 
2006, p. 233). 
Ecologically sustainable design encourages integration between the economy and society within 
the limits of the environment. However, the term has come to mean different things to different 
people. “In practice, however it is generally used in the limited sense of including 
environmental policies, and indicators in traditional planning and project approval process” 
(Birkeland, 2002b, p. 231). In the context of building, ecologically sustainable design is seen as 
a way of achieving the broader goals of ecologically sustainable development. 
Over the last three decades, the broad agenda of sustainable design has been characterised by 
changing theoretical perspectives. In the present decade, there has been a paradigm shift in the 
philosophy of sustainable design―from using natural principles to shape economic structures so 
that society is encouraged to work within the broad parameters of ecology, towards a more 
ecologically sustainable framework for the holistic achievement of sustainability aspirations. In 
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recent years, the concept of ecologically sustainable development, which addresses socio-
economic considerations but prioritises the environmental aspects of sustainability, has gained 
ground. Sustainability has been defined as a design philosophy that embraces the natural 
processes of the earth as its reality (Hsin, 1996) and which takes biological self-regulation of the 
overall system as its starting point (McLennan, 2004). According to Eisenberg (2002), 
“[e]cological sustainability refers to the ability of whole systems to remain healthy and continue 
on indefinitely” (Eisenberg, 2002, p. 221). In this context, ecological sustainability is seen as an 
extension of sustainability in which the social and economic domains are managed within the 
limitations of the environment (Figure 1.2). This is in contrast to the model in which the 
environment, society, and the economy are equally balanced or integrated to achieve human 
well-being (Figure 1.1). Figure 1.2 is referred to as the Russian doll model and “ensur[es] that 
human society lives within the environment’s limit and that the economy meets the society’s 
needs” (Levett, 1998, p. 296) since, without the environment, neither the economy nor the 
society can be sustained. 
 
Figure 1.1: Conventional model of sustainability 
 (Levett, 1998, p. 295) 
 
Figure 1.2: Russian doll model of sustainability 
(Levett, 1998, p. 296) 
 
The absence of a consistent definition of sustainability in various disciplines and the multi-and 
interdisciplinary nature of the agenda for designing for sustainability have resulted in an array of 
design approaches that overlap with each other. Although it is important to focus attention on 
the broad agenda of sustainability, there is a need to develop a common understanding of its key 
insights (Cattano, Nikou & Klotz, 2010, p. 1). This requires a medium for interdisciplinary 
communication. Birkeland (2002) has argued that “environmental management processes 
remain geared towards predicting and accommodating growth and controlling nature, rather 
than working with the natural processes” (p. 3). Many different design approaches have been 
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developed based on a phenomenology of ecology. Most of these approaches can be subsumed 
under the holistic umbrella of ecologically sustainable design, but varies the significance of 
social and economic factors relative to environmental factors. This weights may depend upon 
the design discipline architecture, planning, urban, interior, landscaping, industrial and graphic 
design (Appendix A3). 
The achievement of ecologically sustainable development requires attention to such basic issues 
as sustainability, limits to population growth, wilderness preservation and bio-diversity. At the 
same time, however, it has been proposed that “improved design at all spatial scales is essential 
to reducing the total ‘human load’ on the earth” (Rees, 2002, p. 73). This includes ways of 
implementing ecologically sustainable development at global, national, regional and local 
levels. While planners need to identify the carrying capacity of the land, the ecological footprint 
and the environmental space that is required, architects must address the complexities of 
achieving ecological sustainability in the design of built environments. At one level, this 
represents a design process which has as its goal the reduction of negative impacts of human 
activities on the natural environment. On the other hand, building codes, regulations and design 
processes tend to ignore some of the environmental impacts on resources, which is a central 
consideration in devising sustainable patterns for building and development. At the same time, 
the design profession needs to develop a more holistic view of ecologically sustainable design. 
This involves identifying an effective framework for configuring information so that eco-
practitioners can develop better understanding of ecology and participate in interdisciplinary 
collaboration. 
Limitations	in	Current	Eco	Design	Practice		
Green buildings, critics have suggested, are often green only in name and do not necessarily 
represent a deeper understanding of ecology in terms of concept or form (Wines, 2000, p. 8). It 
has been argued that green architecture is created by adding environmental technologies and 
services rather than by fusing art and environmental technologies (Wines, 2000, pp. 8-9). Eco-
efficiencies need to be introduced to buildings as a synthesised whole rather than a collection of 
parts in order to enhance green aesthetics (Yeang, 2006, p. 16). 
Some contemporary authors argue that balancing environmental performance against form can 
create meaningful architectural expression of ecological concepts (Hyde, Watson, Cheshire & 
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Thomson, 2007, p. 59). It is emphasised that environmentally based architecture needs to be 
aesthetically pleasing if green buildings are to be accepted (Yeang, 2006, p. 415). Also largely 
absent is a systematic design thinking process based on a deeper view of ecology (Hyde, 
Watson, Cheshire & Thomson, 2007; Orr, 2014; Wines, 2000), which is required to “move to a 
sustainable way of living within environmental limits over the next few decades, allowing for 
continued human development and population growth, whilst adapting to climate change 
impacts” (Head, 2008 p.5). 
Space, efficiency and scale have been identified as three of the seven missing elements of 
sustainable development for eco-practitioners (Mawhinney, 2002). Issues related to waste 
minimisation, dematerialisation or reductionism will vary according to the reciprocal interplay 
between these three elements. The sustainable development literature has tended to deal with 
space indirectly rather than directly by examining the carrying capacity of natural systems, bio-
productivity, ecological footprints, and population density (Mawhinney, 2002) at a global, 
national and, in some instances, regional planning level, but often ignoring the local level. Its 
value is conceptualised in an abstract rather than quantifiable way, as something associated with 
the subjectivity of beauty. However, as Mawhinney (2002) remarks, it also lies “within the 
sustainable development equation as a factor because economically, socially and 
environmentally, all systems need space to flourish” (Mawhinney, 2002, p. 123). 
	Ecologically	Sustainable	Design	Challenges	
Ecologically sustainable design challenge for architects in the 21st century is to develop optimal 
processes that involve design, construction and operation. This involves developing integrated 
design approaches with far fewer resources (materials and energy) and less waste, without 
restricting creative innovation. Despite attempts to meet these challenges, some critics suggest 
that most green buildings are simply an outcome of performance-driven agendas of 
environmental policies, green benchmarks and rating systems, and operate as an accumulation 
of eco technologies such as photovoltaic or solar panels and eco materials (Yeang, 2006, p. 23). 
This shows lack of knowledge of a systematic design thinking process, based on ecology, which 
emphasises the importance of holistic integration and synthesis. What is needed, some authors 
suggest, is a revolution in the ecologically sustainable design approaches of many disciplines 
that study the relationship of flora and fauna to their environment (Van der Ryn & Cowan, 
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1996). This would encourage the development of a set of principles based on ecology. It is 
widely accepted that, for a built environment to function in an ecological design sense, natural 
systems need to be considered as ideal models (Kay, Regier, Boyle & Francis, 1999; Orr, 1992). 
Could the process of understanding ecosystem functioning be adopted in a design process that 
recognises this deep understanding of ecology to integrate between physical attributes, 
microclimate and ‘eco efficiency’ imperatives in buildings? 
As Head (2008) has proposed, “we must find a way to live more harmoniously with the natural 
world” (p. 41). To do so requires a framework that can tackle two of the objectives that he 
identifies for a more sustainable future: a reduction in the production of carbon dioxide, and a 
reduction in the scale of human ecological footprints (Head, 2008, p. 41). An ecological 
footprint is a measure of the load imposed by a given population on nature. It assesses the land 
area (Figure 1 3) needed to sustain current levels of resource consumption and waste discharge 
by the population (Wackernagel & Rees, 1996). It helps measure the earth’s bio capacity in 
productive land to meet human needs and encourages growth and development while achieving 
a balance with nature (Head, 2008). According to Head, if an ‘ecological age’ is to be achieved 
by 2050, it is estimated that 80% of carbon reduction and an ecological footprint of 
1.44gha/capita will need to be maintained (2008, p. 5). 
 
Figure 1.3: Ecological footprint and land type uses (Head, 2008, p. 16) 
Buildings account for nearly half of all greenhouse gas emissions and energy consumption 
(Mazria, 2010, p. 1), which amounts to 50% of the targeted value. ‘Ecological age’ is depicted 
as a futuristic vision to preserve the integrity, stability and beauty of the biotic community (Sehn 
2015) by means of a close loop system with zero waste for development of sustainable cities 
within environmental limits (Head, 2008). In this context, ecological sustainability is seen as an 
approach to conservation (Callicott  & Mumford 1997) that aims to preserve ecological integrity 
Chapter	1:	Barriers	to	Ecologically	Sustainable	Design	
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture	 1‐9	
(Angermeier  & Karr 1994; Noss 1995) and biodiversity (Noss 1990). The built environment is 
vast in scale, occupying a significant proportion of the earth’s surface (Kibert, Sendzimir & 
Guy, 2002a, p. 1), and has a lifespan of 50 to 100 years (Mazria, 2010, p. 1). The American 
Institute of Architects AIA has initiated a plan to reduce emissions in new buildings and to 
retrofit existing building stock by enacting building sector initiatives, targeting a greenhouse gas 
reduction of 40% to 60% below 1990 levels (Figure 1.4) by 2050 (Mazria, 2010, p. 2). 
Architecture 2030, a non-profit organisation established in response to the climate change crisis 
by architect Edward Mazria in 2002, proposes achievable and affordable targets to dramatically 
reduce the energy consumption of the building sector by reducing the targets to 2030-Figure 1.5 
(Architecture 2030, 2011). 
Figure 1.4: Building sector initiatives 
(Mazria, 2010) 
Figure 1.5: Fossil fuel reduction standards 
(Architecture 2030, 2011) 
The fossil fuel reduction standard for buildings is planned to increase to 70% in 2015, 80% in 
2020, 90% in 2025 and to be carbon-neutral in 2030 (that is, using no fossil fuel GHG emitting 
energy).To achieve these targets, innovative sustainable design strategies will need to be 
implemented, such as generating on-site renewable power and/or purchasing (20% maximum) 
renewable energy. This was followed by the Environment Policy of the Royal Australian 
Institute of Architects (now the Australian Institute of Architects), which adopted ecologically 
sustainable development as an environmental design guide under key principles that encourage 
the development of new design strategies for ecological sustainability (The Royal Australian 
Institute of Architects, 2010). This highlights the importance of incorporating an ecological 
perspective in our understanding of sustainability. There is a need “ to develop a unifying 
ecologically [sustainable] design philosophy that can guild design decisions in order to ensure 
that new artefacts combine materials and resources in an environmentally conscious way while, 
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ensuring the values and lifestyles” (Stegall, 2006, p. 58) to promote an ecologically sustainable 
society (Orr, 1992). 
Further, Simon Guy and Graham Farmer observe the connections between varied technical 
design approaches and challenging beginnings of ecological place making which frame a social 
constructivist perspective on the advance of sustainable architecture. They recognise that the 
socially challenged nature of environmental design might begin to involve a very diverse 
treatise about sustainable architecture and disclose that, “environmental concerns are both time 
and space specific and are governed by a specific modelling of nature”. (2001, p. 146). 
Barriers	to	Ecologically	Sustainable	Design		
Ecologically sustainable approaches need to be unified in order to generate a holistic approach 
to design which emphasises the importance of eco practitioners having an ‘ecological literacy’ 
(Orr, 1992) to enable sustain an ecologically sustainable society . Five barriers to the effective 
practice of ecologically sustainable design architecture have been identified (Gamage & Hyde, 
2012). These are related to: 
– Inconsistent language of sustainability 
– Lack of understanding ecological integration 
– Inconsistent environmental principles  
– Failure to comprehend ecosystem complexities 
– Lack of clear conceptualisation of the design process 
Language	of	sustainability	
Concerns about climate change have increased awareness of environmentally friendly 
approaches. These approaches need to be considered at every stage as an integral part of the 
design process (The Royal Australian Institute of Architects, 2010). Many sustainable 
approaches developed over the last three decades promote human well-being by encouraging 
efficient use of resources and energy and by reducing waste or developing techniques for 
recycling. Within the field of sustainable design, however, different terminologies are used. 
These include green design, environmental design, eco-design, sustainable design, bio-climatic 
design, climate sensitive design and low energy design. All are based on environmental 
principles and strive for efficiencies. Ecological design refers to design that “minimises the 
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environmentally destructive impacts by integrating itself with living process”(Van der Ryn & 
Cowan, 1996, p. 18). 
These approaches have the same overall aim―to reduce the negative impact of buildings on the 
natural environment through effective management of energy, waste and materials to create a 
healthy environment. They adopt a cyclic rather than linear process and share a largely 
interrelated set of theories and principles, but assign different weights to their relevant fields. In 
other words, they share a common goal: designing environmentally friendly built environments 
by understanding the interdependencies of nature, but take different directions according to the 
type of design disciplines. Although human well-being has been considered the ultimate goal of 
sustainable development, many now believe that environmental sustainability is the key concept 
in relation to ecologically sustainable design. When the various definitions and principles are 
compared, it can be concluded that understanding the functioning of a natural system, or 
ecosystem functioning, is a common feature of all. 
Much work needs to be done within the green movement to enhance understanding of the 
connections between buildings and nature, and the effects of the built environment on natural 
systems. This reflects limited understanding of the concept of ecology among architects and 
other design professionals and challenges the conventional disciplinary focus on function, 
aesthetics and immediate context. What is needed is a common language to comprehend 
ecological sustainability. A new more ecologically focused design paradigm is needed, uniting 
societies needs and economic issues and some have argued that this should incorporate an 
understanding of ecological integration. 
Ecological	integration	
Nature’s diversity provides many models for humans to imitate. 
When designers celebrate diversity, they tailor designs to 
maximise their positive effects on the particular niche in which 
they will be implemented. (McDonough, Braungart, Anastas & 
Zimmerman, 2003a, p. 437) 
Ecological integration studies structure, function and relationship between organism and their 
environment (Yeang & Woo, 2010, p. 81). Natural systems display the same characteristics that 
promote ‘ecological literacy’. As observed by Orr “sustainability depends on replicating the 
structure and function of natural systems”(1992, p. 33). By studying the form and function of 
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nature and the relationship between organism and environment, proponents of ecological 
integration seek to translate these characteristics into the built environment so that they merge 
into an ecosystem. An ecosystem is identified as a stable functioning biological organisation 
comprised of systematic interactions of abiotic and biotic elements that are sustained within its 
environment (Hoeller, et al., 2007; Yeang & Woo, 2010). Today, however, most ecosystems are 
seen as unstable due to natural hazards arising from the effects of global warming. Difficulty 
arises in seeking to understand the consequences of both stable and unstable conditions of an 
eco-system, which may warrant different approaches to flexibility in relation to design. This 
suggests the need to consider the components of ecology and their interrelationships in 
strategies for integration and adaptation in relation to concepts of multi-functionality and 
diversity of natural systems. 
An understanding of ecological integration can encourage effective collaboration at all stages of 
a building’s life cycle―design, construction, operation and decommissioning (Yeang & Woo, 
2010, p. 79). Ecological integration prioritises such aspects of design as efficiency of material 
usage and forms to minimise the impact on the natural environment. This encourages the design 
of buildings with smaller footprints and reduced consumption of energy and resources. It draws 
on the development of eco technologies and eco efficiency initiatives for materials and services 
that further improve environmental performance. Hence, techniques beyond efficiency measures 
are required. Many disciplines have begun to investigate the transferability of biological and 
ecological knowledge to the built environment. They are exploring ecology and bio integration 
in relation to the behaviour of natural systems as a potential response to the need to connect 
human activity to nature (Kibert, Sendzimir & Guy, 2002a, p. 1). Such disciplines include 
primarily: industrial ecology, construction ecology, urban ecology, biophilia, regenerative 
design, ecomimesis, ecomimicry and biomimicry. 
Industrial ecology, which looks to nature for insights into sustainability, is based on a set of 
global principles and a framework for design based on analysis of ecosystems and industrial 
infrastructure related to flows of material (Tibbs, 2002, p. 52). Construction ecology tries to 
reduce the impact of construction and material transport through design strategies. These 
include ecological facilities management, green building products, management processes and 
construction waste. Urban ecology is concerned with the complex systems of relationships and 
interactions between people and their living and non-living environments in the urban context 
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(Keen, 2002, p. 57). This involves seeking a deeper understanding of ecological processes and 
their applicability to the ecological functions of cities in order to reduce negative environmental 
impacts (Keen, 2002, p. 59). Industrial ecology, construction ecology and urban ecology 
examine nature and ecological systems for patterns of energy and materials metabolism suitable 
for human adaptation. 
Ecomimesis, which is defined as an imitation of ecosystems through design (Yeang, 2008). 
Ecomimicry involves mimicking plants or animals or an ecosystem within its particular locale to 
produce design innovations that foster sustainability (Marshall, 2007; Yeang & Woo, 2010). 
Both can be seen as subsets of biomimicry. Biophilia refers to the positive connection between 
human beings and other living systems, and is reflected in building designs that incorporate 
plants and other natural forms (Wilson 1984). Regenerative design, which is a concept based 
process-oriented systems theory, uses biomimicry as an approach to study species functioning in 
ecological systems as solutions to human problems (Regenerative Leadership Institute, 2012; 
Svec Phaedra , Berkebile Robert  & Todd 2012). Biomimicry takes interactive ecology as a 
model at three different levels- form, process and ecosystem- for the design of products, 
communities and built environments sustainably (Baumeister, Tocke, Dwyer, Ritter & Benyus, 
2013; Benyus, 1997). 
These are relatively new design and construction disciplines in which the environment, society, 
and economics are studied within the framework of ecology: the integration of the abiotic and 
biotic in an ecosystem. This entails mapping the integration strategies that connect structure, 
function and materials of natural systems so they can be transferred to the built environment. 
They have been used to develop a set of ecological principles (Van der Ryn & Cowan, 1996) 
and an ecosystem-based model for vertical integration in designing eco-skyscrapers (Yeang, 
2002) to ensure that the designed system vertically integrates with the ecosystem, physically and 
systemically (Yeang, 2006). In practice, however, this model has difficulty in integrating 
biomass, vegetation, daylight, rainwater and natural ventilation into the built form and dealing 
with other constraints related to the height and scale of the building. 
All of these disciplines seek to generate ecosystem principles based on the concept of the 
biological integrity of a functioning ecosystem. This promotes understanding of effective and 
efficient systems of adaptation and integration of natural processes in a healthy habitat. A set of 
ecosystem principles formulated by the architects Pedersen Zari and Storey (2007) attempts to 
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capture a cross-disciplinary understanding of how ecosystems work (Pedersen Zari, 2012), in 
the disciplines of ecology, industrial ecology, ecological sustainability and biomimicry. Many 
concerns remain to be addressed in the entire life cycle of the built environment, including 
planning, design, construction, operation, renovation retrofit and the end-of-life outcome of 
materials, and the philosophical basis of a deeper integration of ecological ideas needs to be 
found (Kibert et al. 2002; Hyde et al. 2007). 
Environmental	principles	
Most environmental policies and principles are governed by understanding how an ecosystem 
functions. According to Kay (2002), “[a]n ecosystem approach is about the application of 
systems thinking to the analysis and design of biophysical mass and energy transformation 
systems” (2002, p. 73). Diversity in nature has many behavioural patterns, hierarchical orders, 
and varieties of forms that enable the capture and use of resources, materials and energy. Most 
of these characteristics have been adopted through the green and sustainable design principles 
known as the Hannover principles. These operate as a living document that derives design 
concepts from an understanding of the interdependence of people and nature. One of the 
principles emphasises the importance of “accepting responsibility for the consequences of 
design decisions upon human well-being, the viability of natural systems and their right to co-
exist” (McDonough, 1992, p. 4). The Hannover principles were applied to the development of 
the Cradle to Cradle (C2C) design approach in engineering, which suggests ways to optimise 
products, processes and systems in line with this vision (McDonough, Braungart, Anastas & 
Zimmerman, 2003a, p. 437). In this context, the term ‘Natural Capitalism’ is used to assign an 
economic value to the stock of natural ecosystems (Lovins, Lovins & Hawken, 1999; Van der 
Ryn & Peña, 2002). Further, to promote ecological sustainability, Stegall emphasises that “to 
play a profound role in making sustainability a reality, one must persuade the general public to 
adopt sustainable behaviour” and to apply ‘intentional design’, which requires an expansion of 
current environmental principles (2006, p. 57). 
Table 1.1 shows the evolution of some of the most significant principles related to ecologically 
sustainable design. It is seen that most of these eco design principles tend to encourage 
connecting natural systems to built systems by understanding their use of energy, materials, the 
site and user behavioural characteristics, and limitations to design. 
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Table 1.1: Evolution of ecologically sustainable design principles 
 
Green 
Principles 
(Vale & Vale, 
1991) 
The Hannover Principles 
(McDonough, 1992) 
Five Principles of 
Environmental 
Architecture (Fisher, 
1992) 
Principles of Green (C2C) 
Engineering (McDonough, 
Braungart, Anastas & 
Zimmerman, 2003b) 
Living 
Buildings 
(McLennan, 
2004) 
Ecological 
Principles 
(Ryn, 2005) 
Principles of 
Sustainable Design 
(Hui, 2005), 
Bioclimatic 
Principles (Hyde, 
Watson, Cheshire & 
Thomson, 2007), 
Conserving 
energy 
Working with 
climate 
Minimising 
use of new 
Resources 
Respect for 
uses 
Respect for 
site  
Holism 
 
 
Insist on rights of humanity & 
nature; to co-exist in a 
healthy, supportive, diverse & 
sustainable condition 
 
Recognise Interdependence- 
the elements of human 
design interact with & depend 
upon the natural world, with 
broad & diverse implications 
at every scale 
Respect relationships 
between spirit & matter 
accept responsibility for the 
consequences of design 
decisions upon human well-
being, the viability of natural 
systems & their right to co-
exist 
Create safe objects of long-
term value- do not burden 
future generations with 
requirements for maintenance 
or vigilant administration of 
potential danger due to the 
Building systems do not 
emit toxic substances & 
gasses into the interior 
atmosphere-additional 
measures are to be taken 
to clean & revitalise 
interior air with filtration & 
plantings 
Energy efficiency -all 
measures are to be taken 
to ensure that the 
building's use of energy is 
minimal-cooling, heating 
& lighting systems are to 
use methods & products 
that conserve or eliminate 
energy use 
Ecologically benign 
materials-all possible 
measures are to be taken 
to use building materials 
& products that minimise 
destruction of the global 
environment-wood is to 
be selected based on 
Designers need to strive to 
ensure that all material & 
energy inputs & outputs are 
as non-hazardous 
To prevent waste than to treat 
or clean up waste after it is 
formed 
Separation & purification 
operations to be designed to 
minimize energy consumption 
& materials use 
Products, processes, & 
systems to be designed to 
maximise mass, energy, 
space, & time efficiency 
Products, processes, & 
systems to be “output pulled” 
rather than “input pushed” 
through the use of energy & 
materials 
Embedded entropy & 
complexity must be viewed as 
Harvest all 
their own 
water & 
energy 
needs on 
site 
Be adapted 
specifically 
to site & 
climate & 
evolve as 
conditions 
change 
Operate 
pollution-
free & 
generate no 
wastes that 
aren't useful 
for some 
other 
process in 
the building 
or 
Solutions 
grow from 
place 
Ecological 
accounting 
inform 
design 
Design with 
nature 
Everyone is 
a designer  
Make nature 
visible 
Understanding place-
helps determine design 
practices; solar 
orientation of a building 
on the site, preservation 
of the natural 
environment, & access 
to public transportation 
Connecting with nature- 
brings the designed 
environment back to 
life-effective design 
helps inform us of our 
place within nature 
Understanding natural 
processes-nature-no 
waste-by-product of one 
organism becomes the 
food for another-natural 
systems are made of 
closed loops working 
with living processes, 
we respect the needs of 
all species-processes 
that regenerate rather 
Creating user health 
& well being 
Using passive 
systems 
Resorting ecological 
values 
Utilizing renewable 
energy 
Utilizing sustainable 
materials 
Applying life-cycle 
thinking, 
assessment & 
costing 
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careless creation of products, 
processes or standards 
Eliminate the concept of 
waste evaluate & optimise the 
full life-cycle of products & 
processes, to approach the 
state of natural systems, in 
which there is no waste 
Rely on natural energy flows 
creative forces from perpetual 
solar income Incorporate this 
energy efficiently & safely for 
responsible use 
Understanding the limitations 
of design-no human creation 
lasts forever those who create 
& plan to practice humility in 
the face of nature-treat nature 
as a model & mentor, not as 
an inconvenience to be 
evaded or controlled 
Constant improvement by the 
sharing of knowledge users to 
link long term sustainable 
considerations with ethical 
responsibility, & re-establish 
the integral relationship 
between natural processes & 
human activity 
 
non-destructive forestry 
practices  
Environmental form 
measures are to be taken 
to relate the form & plan 
of the design to the site, 
the region & the climate, 
recycling & energy 
efficiency-measures are 
to be taken to relate the 
form of building to a 
harmonious relationship 
between the inhabitants & 
nature 
Good design-all possible 
measures are to be taken 
to achieve an efficient, 
long lasting & elegant 
relationship of use areas, 
circulation, building form, 
mechanical systems & 
construction 
Technology symbolic 
relationships with 
appropriate history, the 
earth & spiritual principles 
are to be searched for & 
expressed-buildings shall 
be well built, easy to use 
& beautiful 
an investment when making 
design choices on recycle, 
reuse, or beneficial 
disposition 
Targeted durability, not 
immortality, to be a design 
goal 
Design for unnecessary 
capacity or capability (eg, 
“one size fits all”) solutions to 
be considered a design flaw 
Material diversity in multi-
component products to be 
minimized to promote 
disassembly & value retention 
Design of products, 
processes, & systems must 
include integration & 
interconnectivity with 
available energy & materials 
flows 
Products, processes, & 
systems to be designed for 
performance in a commercial 
“afterlife” 
Material & energy inputs to be 
renewable rather than 
depleting 
immediate 
environment 
Promote the 
health & 
well-being 
of all 
inhabitants, 
as a healthy 
ecosystem 
does 
Be 
comprised 
of integrated 
systems 
that 
maximise 
efficiency & 
comfort 
Improve the 
health & 
diversity of 
the local 
ecosystem 
rather than 
degrade it 
Be beautiful 
& inspire us 
to dream 
 
than deplete, become 
more alive. natural 
cycles & processes 
bring-designed 
environment back to life 
Understanding 
environmental Impact-
impact of the design by 
evaluating the site, the 
embodied energy & 
toxicity of the materials, 
& the energy efficiency 
of design, materials & 
construction techniques  
Embracing co-creative 
design processes-
collaboration with 
systems consultants, 
engineers & other 
experts early in the 
design process, design 
charrettes for end user  
Understanding people–
cultures, races, religions 
& habits of the people 
using & inhabiting the 
built environment 
sensitivity & empathy on 
the needs of the people 
& community 
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Ecological principles incorporate nature into design in five main ways (Van der Ryn & Cowan, 
1996), which are reflected in Edwards’s (2001) design guide, based on natural perception. The 
principle “solutions grow from place” emphasises respect for the site and climate. “Ecological 
accounting to inform design” suggests that nature can be used as an economic gauge. “Design 
with nature” encourages understanding how natural systems function, as reflected in such 
design approaches as ecomimesis, biomimicry and ecomimicry. “Everyone is a designer” 
suggests that all species, including human beings, have a natural, intuitive sense of design and 
construction. The final principle, “make nature visible”, recommends including nature in the 
design by, for example, incorporating natural views. Vale and Vale (1991) incorporate nature in 
a set of green principles, one of which is the need for “holism” in relation to ecological 
concepts. 
The lessons provided by nature, however, have not been fully explored in relation to 
understanding the ecosystem complexities involved in the architectural design process. First it is 
necessary for designers to understand the complexities of ecosystem functioning. Kay proposes 
four design principles based on a hierarchy of natural systems: interfacing, bionics, using 
appropriate bio-technologies, and use of non-renewable resources as capital (Kay, 2002). This 
perception was further explored by Pedersen Zari and Storey by understanding the functioning 
of an ecosystem (Pedersen Zari, 2012). These include: using sunlight as a source of energy and 
for space and time orientation; system optimisation, which involves efficient use of material and 
energy for multiple functions; local context, which takes advantage of plentiful supplies of local 
materials; diversity, which recognises that relationships are complex, hierarchical, cooperative 
and interdependent; life enhancement, or favourable conditions to sustain life; and adaptation 
and evolution, or the ability to self-heal (Pedersen Zari & Storey, 2007, pp. 3,4). To enhance the 
sustainability of the human built environment, eco practitioners should use ecosystem principles 
in their design process. 
A combined effort by research conducted by many individuals and organisations have produced 
most ecosystem based principles as mentioned: principles of biomimicry (Benyus, 2002), living 
building principles (Berkebile & McLennan, 2004) , life’s principles (Biomimicry 3.8 2012; 
Biomimicry Guild, 2009), (Faludi, 2005), patterns of nature (Hoeller, et al., 2007), (Kibert, 
Sendzimir & Guy, 2002b), environmental planning analysis (Korhonen, 2007), cradle to cradle 
principles (McDonough & Braungart, 2002), biologically inspired approach (Reap, 2009) et al. 
Chapter	1:	Barriers	to	Ecologically	Sustainable	Design	
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture	 1‐18	
(2005), biological form reflects physical and mathematical principles (Thompson 1992) 
originally published in 1942, development of Bio-TRIZ (Vincent, 2006) and mechanical-
engineering-specific principles (Vogel, 1998). 
Many of these principles overlap to some extent and most point to design strategies based on an 
understanding of ecosystem functioning. For effective application in practice, a more thorough 
understanding of the complexities of ecosystem functioning is required. 
Ecosystem	complexities	
Many ecologically sustainable design approaches have been developed from mature 
environmental theories and are therefore based on an understanding of ecosystem functioning, 
or an ecosystem approach (Kay, 2002; Yeang, 2006). Some approaches reflect complex systems 
thinking based on theories such as general ecological theory (Scheiner & Willig, 2008), theory 
of ecology, ecosystem theory (Müller, 1992), systems theory (Walonick, 1993) and constructal 
theory (Bejan, 2006; McGee, 2006). Ecosystem theory is a form of hierarchy theory, which 
proposes that systems can be grouped into sub-systems of elements at different levels. Although 
ecological theory and the general theory of ecology can serve as theoretical foundations for an 
ecological design approach, their complexities and relevance to design are difficult to grasp. 
General ecological theory proposes a set of fundamental principles that describe the domain of 
ecology and help to clarify the relationships between other constituent theories. The 
fundamental principles of ecosystem theory are derived from: 
– The spatial and temporal patterns that exist in nature; and 
– The processes that operate within a domain of ecology that consists of 
distribution and abundance of organisms. (Scheiner & Willig, 2008, p. 1) 
The combination of spatial, temporal and functional elements provides the structure of complex 
systems (Bahg, 1990, p. 84). Laszlo (1978) identified four fundamental organisational 
principles: order and irreducibility (the relationship of parts to other parts); self-regulation 
(systems respond independently to change); self-organisation (physical and chemical 
processes); and the hierarchical structure of living systems (Laszlo cited in Müller, 1992, pp. 
216-17). General systems theory provides a way of relating the constituent theories of ecology, 
while systems theory focuses on the arrangement of parts that connect into a whole ecosystem. 
Understanding these complexities can be enhanced through constructal law, which proposes that 
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there is a universal tendency towards design in nature that unites all living and non-living 
things. In this theory, all configurations, patterns, shapes, structures and the rhythms of nature 
are driven by a physical phenomenon (Bejan, 2010, p. 1335). Constructal theory provides a 
blueprint for optimised systems of sustainable technology. 
Ecosystem theories have informed the development of several ecological models of design. An 
ecological model identifies the processes that drive the ecosystem and the relationships between 
flows of energy and materials. Such models conceptualise the system and its environment in 
terms of processes and activities (Yeang, 1995). These include sustainable energy sources like 
the sun, as well as gravity and natural cycles (Williams, 2006, p. 3). Many ecological models 
have been applied to design that integrates with living processes (Kibert, Sendzimir & Guy, 
2002b; Yeang, 1995). Because of their adaptive capacity for self-organisation, their complexity 
and hierarchical nature (Kay, 2002, p. 75), ecosystems can provide a model for the built 
environment. 
Odum’s model, which is based on the concept of embodied energy flow and the unifying 
principle of living systems, provides a process for analysis, synthesis and appraisal (Markus, 
1973). It illustrates the relationship between energy and materials. In contrast, Victor Olgyay 
developed a systematic bioclimatic approach (Figure 1.6) that can be translated into the 
architectural expression of built form. It assimilates variables from climatology, biology, 
architecture and technology. The model uses the plant morphology of various climatic regions 
to generate optimum building forms (Olgyay, 1963, p. 85). 
 
Figure 1.6: Interlocking of disciplines (Olgyay, 1963) 
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As a model of ecological and human systems, the Self-Organising Holarchic Open (SOHO) 
systems (Figure 1.7) attempts to deal with the complex issue of identifying which properties of 
an ecological system may be appropriately emulated. It sees an ecosystem as a complex, 
adaptive, self-organising hierarchical system that copes with a changing environment through 
effective use of available resources (Kay, 2002, p. 94). Although, this system is recognised as an 
ecosystem approach of complex systems thinking for sustainability (Kay, Regier, Boyle & 
Francis, 1999), the intricacy of this model, however, makes it difficult for a designer to 
comprehend and apply it in practice. 
 
Figure 1.7: SOHO model (Kay, Regier, Boyle & Francis, 1999, p. 724) 
Ken Yeang developed a simpler ecological model based on general systems theory of the 
fundamental interaction of built and natural environments. It comprises four sets of so-called 
transfer points-L11, L12, and L21and L22 (Figure 1.8) which unifies these sets of interactions 
as a Partitioned Matrix (LP). L22: external interdependencies, L11; internal interdependencies, 
L21; environment/system changes, L12; system/environment changes to unify these sets. The 
four sets of interaction are mapped as 1, representing built environment, and 2, the environment 
in which it is situated. 
 
 
 
  
L11 L12 
L21 L22 
(LP) = 
1= Built system 
2= Environment 
L=Interdependencies     
within the framework 
LP= Partitioned Matrix 
Figure 1.8: Partition matrix-designed system to its environment (Yeang, 2006, p. 65) 
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Although it is claimed to be a “complete theoretical framework embodying all ecological 
considerations” (Yeang, 2006, p. 65) that a designer needs to conceptualise holistically, it does 
not provide a design thinking that specifically matches the architectural design process. 
The ‘rapid reduction scenario’ described in the Living Planet Report (Word Wildlife Fund, 
2006) argues the need for a swift change of direction in global economic development in order 
to achieve sustainability within environmental limits by 2050 (Head, 2008). One of the models 
developed in response to this scenario is Arup’s virtuous circle (Figure 1.9), which seeks to 
shape the built environment in ways that enhance environmental, economic and social 
performance (Head, 2008, p. 18). This for example helps to explain the connections between 
buildings, energy consumption, land use, form and space.  
 
Figure 1.9: Arup's virtuous circle (Head, 2008, p. 18) 
The model describes how each constituent affects each of the other constituents in relation to 
ecological sustainability from the local to the global, regional and even national level in terms of 
ecological footprint and building footprint. Biomimicry principles were used as a framework to 
“guide design and implementation and support the virtuous cycles of benefit” (Head, 2008, p. 
6). In this instance, biomimicry is not only seen as a set of principles. Rather, the term has been 
applied to the development of an ecosystem approach to design―not only for buildings, but for 
any processes or products. The model and framework, however, still need to be linked to a 
design thinking process that is relevant to architecture if it is to be successfully applied in eco 
design practice. 
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Conceptualisation	of	design	process	 	
Despite the design shift towards ecologically sustainable development, there remains a need to 
develop a systematic design thinking process that can be used by architects to achieve 
ecological solutions. Identifying pattern languages in an ecosystem can provide an effective way 
of structuring information for practitioners. The term ‘pattern language’ was first used in 
relation to architecture and planning by Christopher Alexander and his team at the Centre for 
Environmental Structure (Alexander, 1977a; Alexander, 1977b). It is now used to refer to 
different concepts in a range of disciplines. Because the terminology is not discipline-specific, 
its use has the potential to facilitate interdisciplinary communication through the transfer of 
information between fields, such as biology and engineering (Hoeller, et al., 2007). Ecological 
models provide a conceptual framework for integrating human needs with natural flows, cycles, 
and patterns (Van der Ryn & Cowan, 1996, p. 24), while ecologically inclined principles 
provide a check list for eco practitioners. 
Most ecological design approaches are based on the premise that natural systems have a context, 
use local materials, perform functions and are aesthetically pleasing. A biological system can be 
seen as a stably functioning biological organisation that comprises systematic interactions of 
living (biotic) and non-living (abiotic) components within its total environment. However, it can 
also be seen as an unstable entity that changes with time and space. Many ecological theories, 
principles, frameworks and models take the functioning of a biological system as a starting 
point for design that recycles waste and utilises energy and resources efficiently, and which 
balances compositions and configurations with materials and structures (Edwards, 2001, p. 4). 
This suggests a flexible approach to design of the built environment, including the adoption of 
waste-reduction techniques which recognises the fact that every by-product of an organism 
becomes food for another (Hui, 2005, p. 10). 
Clearly, no organisms or natural systems are sustainable or stable. Yet, after 3.8 billion years of 
evolution, some natural systems have successfully adapted in innovative and sustainable ways 
(Benyus, 2002; Vogel, 1998) to ensure the survival of the ecosystem. Several analogical design 
transfer systems, known as ‘biomimicry thinking’ (Biomimicry 3.8 2012), have been developed 
over the past two decades. These include biomimetics, bionics and biognosis, which are 
different terminologies used in different contexts, and disciplines in the field of design, and are 
based on the concept of biomimicry, which takes the natural form, process or ecosystem as a 
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model for ecological design. To date, it has not been effectively applied in architecture. The 
literature specifically on biomimicry will be reviewed in the next chapter (Chapter 2). 
Summary	
This chapter identified and reviewed some of the limitations and barriers that need to be 
addressed in order to integrate economic and society factors within environmental factors to 
incorporate an ecological perspective into sustainability. Of these barriers, the most important in 
the context of the present study are the inconsistent language of sustainability, lack of 
understanding of ecological integration and lack of clear conceptualisation of a design process 
to practice ecologically sustainable design. Examination of these barriers to ecologically 
sustainable design at different scales shows that the current approaches to ecological 
sustainability are characterised by a reductive mind-set that does not fully grasp the 
complexities of ecosystem based theories, approaches, models and principles, in relation to 
understanding the behaviour of an ecologically sustainable society. 
Eco practitioners often have difficulty understanding the ecosystem as a design theory and 
developing it into a complete design approach for built systems. What is required is a simpler 
systematic design thinking process that can be easily understood and applied as a design 
approach to architectural eco design practice. Such systematic thinking and design approach 
should be based on an in-depth understating and an analysis of deep ecology (Hyde, Moore, 
Kavanagh, Watt & Schianetz, 2007; Hyde, Watson, Cheshire & Thomson, 2007; Orr, 2014; Orr, 
Sven Erik & Brian, 2008; Wines, 2000) in relation to its locale to comprehend values and 
attitudes of such an ecologically sustainable society (Orr, 1992; Svec Phaedra , Berkebile 
Robert  & Todd 2012). 
Given the goal of transforming from the ‘industrial age’ to an ‘ecological age’ by the years 2030 
or 2050 (Head, 2008), it is clear that building construction, which accounts for more than half of 
greenhouse gases and energy consumption, can make an important contribution to the 
‘reduction scenario’(Word Wildlife Fund, 2006) through improved design to reduce waste by 
planning space more effectively. Architecture, therefore, has a key role to play in moving 
towards the ‘ecological age’. What is needed is an approach to architecture that draws deeply on 
ecology and seeks an approach to promote understanding of the holistic integration and fit of 
buildings, their components and the environment. This would involve a comprehensive design 
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approach that innovatively balances physical attributes with ‘eco efficiency’ imperatives in a 
holistic way. 
The challenge for eco design practice in architecture is to develop a design approach to built 
systems that integrates with, and adapts to the natural-ecological system whilst efficiently 
manipulating form and space within it. Architects deal with space mainly on a local scale, 
depending on project-based measures to promote ‘eco efficiency’. How could architects 
contribute to these missing elements such as space, efficiency and scale in sustainable 
development (Mawhinney, 2002) and the achievement of an anticipated ‘ecological age’ by the 
years 2030 or 2050? 
In the present study, biomimicry is explored as an approach to architectural design with 
potential to address some of the identified limitations and barriers to ecologically sustainable 
design. Appendix A1 indicates graphically how the above discussed literature on ecologically 
sustainable design leads to the topic of inquiry. The following chapter discusses biomimicry as a 
potential response to ecologically sustainable design. 
 
 
 
 
 
 
 
 
 
 
 
	Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture			 2‐1	
Chapter	2: 	
Biomimicry	as	a	Response	to	Design		
This chapter examines and reviews the literature on different kinds of biomimicry, particularly 
in relationship to ecologically sustainable design and identifies gaps in the current knowledge 
base. Particular attention is paid to important design approaches, frameworks, methods, 
concepts, models, principles and applications of most relevance to eco design practice in 
architecture. The chapter identifies a set of constituents and proposes that a Biomimicry 
Approach can be theoretically conceptualised as a merger of ‘concept’, ‘procedure’ and 
‘application’ which has the potential to enhance ecologically sustainable design. This chapter 
recognises biomimicry as a response to design focuses more on sustainable solutions and 
innovation of beauty in its creation than other analogous disciplines (Baumeister , Tocke , 
Dwyer , Ritter  & Benyus 2013).  
Learning	from	Nature	
Learning from nature is not a novel idea. Humans have always emulated or taken inspiration 
from nature. Initially this was as a means of survival. Later, civilisations used these inspirations 
to design arts and crafts, technology and even architecture, integrating these with cultural and 
religious beliefs and practices. Nature has influenced design and architecture from vernacular 
times to the present taking, different faces and using different terminologies. In the early 19th 
century biomorphic style of Art Nouveau (Greenhalgh 2000) attempted to harmonize with the 
natural environment by taking inspiration of natural forms and structures. In the 1950’s the 
approach Organic Architecture initiated by Frank Lloyd Wright represented an new attitude to 
architectural design by understanding natures inspiration with human well-being (Tsui, 1999), 
although it is critiqued as an approach that imitates natural form rather than understanding its 
function or process (Mazzoleni & Shauna, 2013). In contrast, Buckminster Fuller’s designs 
were inspired by the notion that nature is fluid, ephemeral and beautifully patterned. An analogy 
can be drawn to the relationship between buildings (species) and cities (habitats). 
Over the last half a century many texts have described the relationship between nature and 
design. ‘Design with Nature’ was Ian McHarg’s seminal book (McHarg, 1969), in which he 
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encouraged an appreciation of the interaction, in resource terms, between energy, water and 
materials as inputs and waste, pollution and contamination as outputs. Nature has patterns and 
orders of interdependence that can be used to design buildings. Antoniades (1992) perceives 
nature’s technology is dynamic and light and is driven by a functional imperative.  
Sustainability addresses the issues of environmental and ecological health (Edwards, 2001) 
under the impact of modern development and aims to formulate principles to sustain the earth as 
a habitat. Some of the related perceptions for sustainable design includes: ‘connecting with 
nature’, which reminds that human beings have a rightful place in nature, ‘understanding the 
natural processes of nature’, which include the absence of waste, since every by-product is food 
for something else (Hui, 2005); and seeing buildings as living–breathing entities (Berkebile & 
McLennan, 2004). The Hannover principles seek to transform growth by adopting an 
understanding of connectedness with nature as knowledge base (McDonough, 1992, p. 6). 
Nature provides countless examples of holism, since design in nature is not a collection of parts 
but a synthesis of a whole (Alexander, 1977). Environmental performance in the whole is 
greater than the sum of the parts, and this creates the balance between the tangible and 
intangible that characterises wholesome places (Hyde, 2008, p. 29). In fact, all ‘Green 
principles’, advanced based on the characteristics and performance of understating a natural 
system  (Vale & Vale, 1991) emphasises the need to be embodied in a holistic approach to the 
built environment. Of the many ways to achieve ecologically sustainable design (discussed in 
Chapter 1), the approaches that attempt to learn from nature have gained momentum over the 
past decade.  
Most of these approaches were influenced by looking at the process of a biological system, for 
example, utilising energy and resources efficiently and recycling waste while organising 
materials and structures to fit the ecosystem in a holistic manner (Edwards, 2002). As Head 
points out, it is logical to adopt principles that mimic the biological systems of nature as an 
approach to sustainability in which economic, environmental and social impacts are balanced 
(Head, 2008, p. 41).  
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Biomimicry:	Overview	
Many terms are used to refer to the practice of learning from organisms, processes and systems 
of nature. These include: bionics, biomimetics, biomimicry, biognosis and bio-inspired design 
(Vincent, 2009; Wilson, 2008). Bionic which was coined by Jack E. Steele in 1958, studies 
living organisms or parts that function like mechanical systems and has contributed to 
technological inventions in aero- and fluid-dynamics. “[B]ionics takes a systems approach to the 
technical realization and application of construction processes and developmental principles 
observed in biological systems” (Wahl, 2006, p. 292). In 1957, American inventor Otto Schmitt 
(Marshall  & Lozeva 2009), “coined the word biomimetics as an approach to problems of 
biological science utilizing the theory and technology of the physical sciences”(Vincent, 2009). 
The term biomimicry, which was coined by Janine Benyus in the 1990s, is more widely 
recognised and largely subsumes the conceptual territory of biomimetics, bionics, bio inspired 
and biognosis (Marshall, 2007; Reap, 2009), although many critiques observes differently 
(Marshall  & Lozeva 2009)―namely, the use of biological processes to inform technology, 
structure, material and form in design. The difference between biomimicry and these related 
disciplines is that it is closely associated with sustainability and aesthetics (Baumeister , Tocke , 
Dwyer , Ritter  & Benyus 2013). 
Biomimicry is based on the assumption that, after 3.8 billion years of evolution, natural systems 
have become efficient and sustainable by carrying forward what works, what is appropriate and 
what lasts (Baumeister, Tocke, Dwyer, Ritter & Benyus, 2013; Benyus, 1997b). Although 
nature has been a source of inspiration for innovation for many years, the current effort 
represents an attempt to formalise what is described as bio-inspired design. The terms 
biomimicry, although popularised by Benyus (1997a) as new term that analyses natures best 
ideas and adapt them to human use, biomimetic have been coined to refer to the specific use of 
nature as an inspiration for design (Marshall  & Lozeva 2009).  
Biomimicry or biomimetic uses analogies from biological systems to develop solutions for 
human problems (Helms, Vattam & Goel, 2009). It has gained significant ground as a 
movement for environmentally conscious sustainable design (Benyus, 1997b; Loy 2008; 
Papanek, 1995; Pedersen Zari, 2007) and uses biomemetic processes towards regenerative 
design (Pedersen Zari, 2012; Svec Phaedra , Berkebile Robert  & Todd 2012) has stimulated 
creative innovation (Benyus, 1997b; Vincent, 2006; Vogel, 1998). Despite its growing 
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popularity in a variety of fields, many problematic issues still need to be addressed (Vincent, 
2009, p. 919).  
Biomimetics mainly relates to the field of mechanical engineering, while biomimicry is gaining 
popularity in the professions of product design and, more recently, in architecture. Both terms 
derive from the Greek, bios (living) and mimesis (to imitate)―hence, ‘imitating life’ (Benyus, 
2002, p. xi).  
Recent trends in biomimicry are of particular relevance to the role of architecture in creating 
sustainable buildings. It is been argued that biomimicry surpasses the voluntary standards of the 
Green Building Council (Benusa & Friend, 2008). Lifecycle assessment allows buildings to take 
on the characteristics of natural systems. Ecological design is an attempt to translate these 
systems into the linear functional equations that are normally employed in the discipline. As 
knowledge of nature and its many accomplishments expands, the possibilities inherent in these 
analogical systems appear endless. It is a relatively new development that integrates a number 
of ecosystem-based theories (refer chapter one). Biomimicry as an approach to sustainable 
design turns to nature for solutions to complex problems. It is an approach that takes creative 
inspiration from natural processes, models and systems to design sustainably (Benyus, 1997b). 
Biomimicry seeks guidelines for applying ecological thinking (Orr, Sven Erik & Brian, 2008) to 
design. Yet, despite considerable ongoing research, design thinking and the development of 
biomimicry as a design approach for architecture remains elusive (Pedersen Zari, 2007). 
A holistic approach to sustainability requires simultaneous attention to all relevant concepts, 
principles and relationships. A designer needs to plan sequentially, and nature provides a 
blueprint for the rational application of principles in the design process. Theoretically, using 
nature as a holistic model, mentor and measure facilitates understanding of the concepts of 
ecologically sustainable design (Baumeister, Tocke, Dwyer, Ritter & Benyus, 2013). Although 
many consider biomimicry as one design approach that adopts a holistic view of understanding 
ecology as a connector, many criticise biomimetic applications in architecture that tend to be 
used as an element of technology rather than applied holistically, and thinking in terms of 
sustainability (Marshall  & Lozeva 2009; Vincent, 2009).  
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Definition	
Biomimicry (from bios, meaning life, and mimesis, meaning to 
imitate) is a design discipline that seeks sustainable solutions 
by emulating nature’s time-tested patterns and strategies. 
(Biomimicry 3.8 Institute 2008-2014, p. 1) 
Biomimicry is learning from and then emulating natural forms, 
processes, and ecosystems to create more sustainable designs. 
(Baumeister , Tocke , Dwyer , Ritter  & Benyus 2013, p. 8) 
Biomimicry focuses on what can be learned from nature, rather than what can be extracted from 
it, to solve complex human problems by mimicking natural processes. It is an “innovation 
process encouraging the transfer of ideas, concepts and strategies inspired from the living world, 
with the objective of designing human applications aiming at a sustainable development” 
(Biomimicry Europa, 2014, p. 1). It represents a response to the growing demand for better 
ways of gaining insight and inspiration for the design of human systems from biological 
phenomena. Importantly, as Faludi (2005) remarks, “good biomimicry is inspiration from 
nature, not slavish imitation of it” (p. 1). Although many pioneers of nature inspired design 
perceive biomimicry as a way to sustainability, some recent research and practice. There seems 
to be a wide gap between biomimicry theory and what is being applied in practice (Marshall  & 
Lozeva 2009). However, many new interdisciplinary centres are currently investigating the 
different insights of biomimicry in different fields of practice, research and education in relation 
to sustainability.  
Current	Research	 	
Bio inspired design originated in mechanical engineering and has largely been employed in the 
design of medical equipment, computer parts and other mechanical products such as robotics. It 
has only recently given inspiration to designers and now architects. Biomimicry (or 
biomimetics) provides ways of transferring inspirational ideas, concepts and strategies from 
natural systems to built systems, thereby encouraging a perceptual shift. It incorporates 
problem-solving processes developed by D'Arcy Thompson, Janine Benyus, Kevin Kelly, 
Steven Vogel, Buckminster Fuller and Julian Vincent (Kennedy, 2009).  
Searchable data bases on nature have been established for example mainly at, the Biomimicry 
Institute (Biomimicry 3.8 and Biomimicry Guild), Rocky Mountain Institute and University of 
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Maryland. The Centre for Biomimetic and Natural Technologies at University of Bath, teaches 
TRIZ and Bio TRIZ and has been working on a series of research projects in 
Biomimetics/Bionics. They are currently researching on developing a ‘green’ version of TRIZ. 
Other educational and research programs related to biomimicry in diverse fields have been 
established in universities such as: Center for biologically inspired materials and material 
systems at Duke University; the Center for biologically inspired design at Georgia Technical 
University; the Swedish Center for biomimetic fibre Engineering; The University of 
Queensland; Curtin University of Technology; University of Reading; Minnesota University. 
Many of these have developed teaching strategies for exploring the potential of biomimicry in 
architectural and mechanical engineering fields. Laboratories, exhibitions and workshops have 
been devoted to teaching and research in the field. The Genius Lab, for example, is dedicated to 
innovative education in four main areas: the genius of Nature, transformation, imagination and 
innovation. Salmaan Craig and Buro Happold at Brunel and Surrey Universities, respectively, 
have developed a material that can be used to protect buildings from solar and ambient heat. 
The Design and Intelligence Laboratory conducts research into computational design and 
creativity, including projects on analogical reasoning in biologically-inspired engineering design 
and on learning about ecological and biological systems in science education. The Center for 
Biologically Inspired Design at Georgia Tech has produced a guide for new ways of thinking to 
produce innovative, efficient and life-friendly engineers. At the University of Canberra, Carlos 
Hoyos is exploring how systems thinking can be triggered by biomimicry for creative 
innovation especially for product design. Marc Swackhamer's graduate architecture studio is 
examining the field of biomimicry and its impact on design in a course-work seminar called 
‘Bio-inspired Systems’, co-taught with Vincent James. VJAA Architects, HOK; one of the 
world's largest architectural design firms, has formed a partnership with the Biomimicry Guild 
to integrate organic solutions, inspired by nature, into sustainable design and building practices. 
The HOK guide book to sustainable design (Mendler, Odell & Lazarus, 2006) discusses some of 
the practice examples that use biomimicry concepts and principles. 
AskNature is a digital library of information on biological strategies and ideas to inspire 
biomimetic design. The Biomimicry Institute (Biomimicry 3.8 and Biomimicry Guild) offers 
educational programs, workshops and courses for professionals in all fields of design and 
engineering. The biomimicry portal, a prototype database, was originally created in 
collaboration with the Rocky Mountain Institute and is a precursor to AskNature (Biomimicry 
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Institute, 2007a). A ‘biomimicry taxonomy’ was developed by information organised on 
AskNature classification system which enables a designer to explore strategies by function 
using a table of content (Biomimicry 3.8 Institute 2008-2014). This extended to ‘Biomimicry 
3.8’ to develop a practical guide to biomimicry design and a resource hand book (Baumeister , 
Tocke , Dwyer , Ritter  & Benyus 2013) on biomimicry that summarises definitions, current 
knowledge and best practice in ‘biomimicry thinking’, methodology, and tools (Biomimicry 
Thinking, Life Principles and Design Spiral) for naturalising biomimicry (Biomimicry 3.8 
2012b). However, a ‘biomimicry thinking’ along architectural eco design process remains 
elusive. 
Schumacher College in the UK conducts transformative courses for sustainable living, including 
one called ‘Biomimicry and Buildings’: Innovation and Sustainability in Architecture. Tom 
McKeag gives practice examples, Michael Pawlyn uses practice case studies to explore 
environmentally sustainable architecture inspired by nature (Pawlyn, 2011) and Toni Spencer 
focuses on ‘permaculture’. These courses use actual building projects to show the benefits of 
applying knowledge of natural processes to generate new design solutions for sustainability. 
At Clemson University, a teaching module for civil engineering students, based on systems 
thinking and biomimicry, has been developed to encourage sustainable construction. Both these 
concepts have been recognised as important for teaching sustainability to engineering students 
(Cattano, Nikou & Klotz, 2010). A design studio at Southern Illinois University Carbondale, 
Illinois, includes a biomimetic approach to architectural curricula to work as a framework 
for critical thinking and creativity on extrapolations of forms and systems in nature 
(Williams & Yeshayahu, 2005) The University of Moratuwa continues to teach and research 
biomimicry through a teaching module on sustainability (Nature Studies) for design and 
architecture undergraduates, which encourages students to identify ecological precepts 
(Gamage, 2007; Gamage & Dayaratne, 2012; Gamage & Wickramanayake, 2005). 
Biomimicry appears capable of initiating a paradigm shift in creative and problem-based 
learning necessary for education towards sustainability (Staples, 2005, p. 7). Most researchers 
and organisations teach as well as practice, or assist others to practice. Yet there are very few 
published accounts of teaching practices in design studios that are relevant to the application of 
biomimicry as a design approach in architecture. 
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Biomimicry	as	a	Design	Theory	
As a theory, biomimicry emulates natural processes to create efficient and innovative 
sustainable design solutions using nature as a model, mentor and measure (Benyus, 2002). As a 
model, it helps emulate natural design in relation to forms, processes, and ecosystems 
(Biomimicry Guild, 2008). Using nature as a mentor provides a way of viewing and valuing 
nature as a learning resource for novel design ideas. Using nature as a measure, it uses 
ecological criteria to evaluate sustainability in human innovation. However, the relationship 
between these constituents is not clear, and needs clarification in terms of architectural eco 
design practice. 
Ecomimicry (Marshall, 2007), ecosystem biomimicry (Pedersen Zari & Storey, 2007) and 
ecomimesis (Yeang, 2006) are derivations of biomimicry and its processes of emulating 
ecosystems. Ecomimicry is referred as “mimicking of nature for eco-friendly design” (Marshall  
& Lozeva 2009, p. 7). Ecosystem biomimicry differs in that it suggests strategies of transferring 
scientific facts from ecology rather than taking an ecosystem as a representation for purposes of 
design (Pedersen Zari, 2010, p. 173).  
In summary, biomimicry works as a design methodology based on the principles of 
environmental sustainability (Miller, 2010). It uses analogies with biological systems to develop 
solutions for human problems (Helms, Vattam & Goel, 2009). It has become a significant 
movement in design for environmentally-conscious sustainable development (Benyus, 1997b; 
Papanek, 1995; Pedersen Zari, 2007) and has stimulated numerous creative innovations 
(Benyus, 1997b; Vincent, 2006; Vogel, 1998). As a theory and a design approach, biomimicry 
has potential application to an array of design fields. 
Biomimicry	as	a	Design	Procedure	
As a design procedure, biomimicry involves two main approaches―directly mimicking and 
indirectly mimicking approaches. In the directly mimicking approach, a design directly imitates 
the strategies of a natural aspect, an organism, a behavioural pattern or a system in nature with 
the aid of an analogical translation system. In the indirectly mimicking approach, the design 
abstracts ideas and concepts as principles from those observed in how nature performs (Faludi, 
2005; Panchuk, 2006). This includes using biomimicry ‘life principles’. The intrinsic 
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characteristics of ecosystems (McGregor, 2013) are represented by nine operating strategies 
(Benyus, 2002) derived from nature (Biomimicry 3.8 2012b). These strategies are modified, 
optimised and integrated to create conditions conducive to life. ‘Life principles’ (Baumeister, 
Tocke, Dwyer, Ritter & Benyus, 2013, p. 23) are seen as consistent across cultures and 
generations, representing survival patterns found among the species that can be used as a model, 
measure and mentor for innovative design. There is however some confusion in comprehending 
the relationship between these two approaches as a design procedure in architectural eco design 
practice. 
Directly	Mimicking	Approach	
Within the directly mimicking approach, there are two different ways in which design problems 
are understood: as ‘design investigating biology’ or as ‘biology investigating design’ 
(Biomimicry Institute, 2007b; Pedersen Zari, 2007). Both involve conceptualising a human need 
or design problem via analogy with processes and structures used by other organisms or 
ecosystems to resolve similar issues. ‘Biomimicry taxonomy’(Baumeister, Tocke, Dwyer, Ritter 
& Benyus, 2013, p. 112) is a classification system which organises ‘biology to function’ 
developed by ‘Ask Nature’. It has established a data base structured by how organisms meet 
different challenges identifying various strategies as possible answers (Biomimicry 3.8 Institute 
2008-2014). 
Biomimetics can also be conceptualised as a ‘problem-driven’ or ‘solution-driven’ approach to 
design (Helms, Vattam & Goel, 2009; Wilson, 2008). In the ‘problem-driven’ approach, the 
designer seeks to develop a solution via biology, while the ‘solution-driven’ approach involves 
taking a solution from biology and emulating it in a human design system. Both approaches are 
attuned to variations that can lead to advantages and disadvantages (Wilson, 2008, p. 7).  
In bionics, a branch of industrial design, examines the bio-mechanics in nature to explore design 
termed as either ‘inductively’ or’ deductively’. The ‘inductive approach’ begins with a broad 
theme in nature and derives its application from principles of biomechanics. The ‘deductive 
approach’ begins with a design problem or brief then searches for natural processes that point to 
an appropriate solution (Birkeland, 2002, pp. 84-85). The directly mimicking approach uses 
analogical translation (in either direction) to evolve a design solution. 
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Indirectly	Mimicking	Approach	
The ‘indirectly mimicking’ approach to biomimicry is based on the abstraction of principles of 
natural system functioning. It basically tries to comprehend the lessons of how nature performs 
in order to survive in a particular environment. Many writers and practitioners such as Janine 
Benyus and Dayna Baumeister (Baumeister, Tocke, Dwyer, Ritter & Benyus, 2013), Michael 
Braungart and William McDonough (McDonough, Braungart, Anastas & Zimmerman, 2003), 
Richard Buckminster Fuller (The Buckminster Fuller Institute 2010), Jeremy Faludi (Faludi, 
2005), Peter Head (Head, 2008), Bob Berkebile and Jason McLennan (McLennan, 2004), Julian 
Vincent (Vincent, 2000), Steven Vogel (Vogel, 1998) , Ken Yeang (Yeang, 2006) and Pedersen 
Zari (Pedersen Zari & Storey, 2007), have developed design principles, lessons and concepts 
from environmental attributes found in the natural world. Whatever approach is adopted, 
biomimicry identifies three levels of requirements for sustainability: shapes of living organisms; 
manufacturing processes in those living organisms and interactions between species; and the 
global functioning of natural ecosystems (Biomimicry Europa, 2014). 
Biomimetic	Analogical	Translations	
There are four main foci in bio-inspired design research: biological/engineering; representation 
of biological systems; analogical translation; and design utilisation (Bhushan, 2009). Analogical 
translation research seeks to systematise the transfer of biological strategies of an organism, 
behavioural process or natural system to the domains of engineering. These approaches are 
mainly based on biomimetic strategies that have been developed by a number of international 
research bodies. They include TRIZ (Altshuller, 2000), BIO-TRIZ (Bensaude-Vincent, Arribart, 
Bouligand & Sanchez, 2002; Bhushan, 2009), the biomimcry data base, the functional key word 
search (Chiu & Shu, 2004), the SAPPhIRE data base (Chakrabarti, Sarkar, Leelavathamma & 
Nataraju, 2005), the Design Spiral (Biomimicry 3.8 2012a; Goss, 2009) and cognitive research 
(Vattam, Helms & Goel, 2007).  
These analogical translations have mainly been used in product design in their respective area of 
specialisation in mechanical engineering. The representation of a biological system involves 
creating a model to transfer principles from the biological system to the manufacturing domain. 
The most user-friendly analogical translation for architectural and civil engineering has been 
identified as the ‘Design Spiral’, since it focuses more on a sustainability framework. ‘Design 
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Spiral’ is a biomimicry design thinking process that involves six steps (identify, translate, 
observe, abstract, apply and evaluate) performed in an iterative fashion (Baumeister, 2007). 
Two additional steps in this thinking process have been developed for transferring biology to 
design and design to biology (Biomimicry 3.8 2012b) and further extended as ‘Biomimicry 
thinking’(Baumeister, Tocke, Dwyer, Ritter & Benyus, 2013, pp. 90-135). None of these 
analogical translations, however, may be applicable to architectural eco design practice. 
Biomimicry	Principles	
The buildings of the future may not look like flowers but they 
certainly will not resemble the buildings of today. A new 
architecture is emerging as an expression of climate and 
culture while being shaped by technologies that are bio-mimetic 
in nature. As Bucky Fuller once said "we do not seek to imitate 
nature, but rather to find the principles she uses. (Berkebile & 
McLennan, 2004) 
Benyus, who rejuvenated the field of bio inspired design as biomimicry, identified its principles, 
natural laws and strategies as a guide for design in the new millennium (Bensaude-Vincent, 
Arribart, Bouligand & Sanchez, 2002). Biomimicry principles include: nature runs on sunlight, 
uses only the energy it needs, fits form to function, recycles everything, rewards cooperation, 
banks on diversity, utilises local expertise, curbs excess from within, taps the power of limits, 
and emphasises the importance of beauty. 
Benyus’s guidelines show biomimetic designers how to balance efficiency initiatives with 
inspirational, innovative strategies (Bensaude-Vincent, Arribart, Bouligand & Sanchez, 2002). 
They are based on a set of sustainable ideas from nature and include: self-assembly, CO2 as a 
feedstock, solar transformation, power of shape, quenching thirst, metals without mining, green 
chemistry, timed degradation, resilience and healing, sensing and responding, growing fertility, 
and life creates conditions conclusive to life (Bensaude-Vincent, Arribart, Bouligand & 
Sanchez, 2002; Benyus, 2002). Biomimicry principles (Table 2.1), however, have not been 
investigated as a potential holistic design approach in architecture. Table 2.1 has attempted to 
describe the evolution of some of the key principles that have been originated by Steven Vogel, 
Jenine Benyus, Peter Head, Jeremy Faludi and Pedersen Zari to understand the main essence 
and the importance of the principles for eco design practice. 
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McLennan’s book The Philosophy of Sustainable Design includes biomimicry (respect for the 
wisdom of natural systems) as one of six principles of sustainable design (Berkebile & 
McLennan, 2004). The principles of biomimicry, derived from living systems, are reflected in 
the new model of integrated systems design (Vallero & Brasier, 2008). According to Head the 
use of biomimicry principles as a framework to guide design and implementation and support 
the virtuous cycle of benefit is one of the most important urban design principles for sustainable 
buildings (Head, 2008). Biomimicry principles are being encouraged to be used as a 
transformational framework to achieve the environmental goals of reducing CO2 emissions and 
ecological footprints to achieve the so called ‘ecological age’ by 2050. 
The paradigm shift of ecological sustainable development has necessitated new approaches to 
ecologically sustainable design (Chapter 1), including ecological aspects of design. Such an 
approach, which takes ecosystem functioning as a model for architecture, remains elusive. 
Nonetheless, several ecosystem based design guides, reflecting biomimicry principles (Table 
2.1), have been developed as potential extensions to ecologically sustainable design (Benyus, 
2002; Faludi, 2005; Head, 2008; Mendler, Odell & Lazarus, 2006; Pedersen Zari & Storey, 
2007). What is missing is a systematic way of thinking―a model that can be used to apply these 
principles to architectural eco design practice. 
The Cradle to Cradle concept (Table 1.1) developed by William McDonough and Michael 
Braungart demonstrates the potential for design to eliminate waste and toxicity (McDonough & 
Braungart, 2002). It replaces the conventional ideas of ‘reduce’, ‘reuse’, and ‘recycle’ with a 
new vision of nature as a model for producing things (Johnston, 2002). Hawken’s concept of 
‘Natural Capitalism’ locates the world's economy within the larger economy of natural 
resources and ecosystem services that sustain us (Hawken, Lovins & Lovins, 1999). 
This view recognises the critical interdependence between the production and use of human-
made capital and the maintenance and supply of natural capital (Lovins, 2008). Ecological 
sustainable development, an Australian term developed in 1990 (Harding, 2006, p. 231), 
encourages design professionals to embrace an integrated approach to balance economic and 
social sustainability within the limits of ecological sustainability, in order to reduce the negative 
impacts of human activities on the natural environment. However, ESD as an approach entails 
the efficient and minimal use of materials and energy with consideration also given potential 
reuse of waste. 
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Table 2.1: Evolution of biomimicry principles 
Life’s Principles (Biomimicry 3.8 
2012b) & Biomimicry Principles 
(Benyus, 1997a) 
Sustainable ideas 
from Nature 
(Benyus, 1997a) 
Cautionary Tale 
(Benyus, 1997a) 
Vogel's mechanical-
engineering- principles 
summarised (Faludi, 2005) 
Biomimicry Principles 
(Faludi, 2005) 
Ecosystem Principles 
(Pedersen Zari, 2007) 
Biomimicry 
Principles  
(Head, 2008)  
Nature runs on sunlight 
Nature uses the energy it needs 
Nature fits form to function 
Nature recycles every thing 
Nature rewards cooperation 
Nature banks on diversity 
Nature demands local expertise 
Nature curbs excess from within 
Nature tapes power of limits 
Self-assembly 
CO2 as a feedstock 
Solar 
transformation 
Power of shape 
Quenching thirst 
Metals without 
mining 
Green chemistry 
Timed degradation 
Resilience and 
healing 
Sensing and 
responding 
 
Growing fertility 
Life creates 
conditions 
conclusive to life 
Does it run on 
sunlight? 
 
Does it use only 
the energy it 
needs?  
 
Does it fit form to 
function? 
 
Does it recycle 
everything?  
 
Does it reward 
cooperation?  
 
Does it bank on 
diversity? 
 
Does it utilise 
local expertise?  
 
Does it curb 
excess from 
within? 
 
Does it tap the 
power of limits? 
 
Is it beautiful? 
Nature’s factories produce things 
much larger, not smaller, than 
themselves 
 
Nature makes gradual transitions 
in structures (curves, density 
gradients, etc.) rather than sharp 
corners 
 
Nature makes things out of fewer 
components but they vary 
internally 
 
Nature designs for strength and 
toughness 
 
Nature bends / twists / stretches 
 
Nature often uses diffusion, 
surface tension, and laminar flow  
 
Nature's are mostly sliding or 
contracting 
 
Nature’s engines are isothermal 
Nature mostly stores mechanical 
work as elastic energy, 
sometimes as gravitational 
potential energy 
Waste = Food 
Self-assemble, from the ground 
up 
 
Evolve solutions, don't plan them 
 
Relentlessly adjust to the here & 
now 
 
Cooperate & compete, not just 
one or the other 
 
Diversify to fill every niche  
 
Gather energy & materials 
efficiently 
 
Optimise the system rather than 
maximising components 
 
The whole is greater than the 
sum of its parts 
 
Use minimal energy & materials  
 
Don’t foul your nest 
Organise factually 
 
Chemical reactions in water at 
normal temperature and pressure 
Ecosystems are 
dependent on 
contemporary sunlight 
 
Ecosystems optimise 
the system rather than 
its components 
 
Ecosystems are 
attuned to and 
dependant on local 
conditions 
 
Ecosystems are 
diverse in components, 
relationships and 
information 
 
Ecosystems create 
conditions systems 
adapt and evolve at 
different  levels  
favourable to sustained 
life 
 
Ecosystems adapt and 
evolve at different 
levels and at different 
rates 
Use waste as a 
resource 
 
Diversify and 
cooperate 
 
Gather and use 
energy efficiently 
 
Optimise not 
maximise 
 
Use materials 
sparingly 
 
Clean up not 
pollute 
 
Do not draw 
down resources 
 
Remain in 
balance with the 
biosphere 
 
Run on 
information 
 
Use local 
resources 
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The architectural firm HOK has produced a guide book to sustainable design that applies the 
principles of biomimicry to the built environment, design and innovation. In their approach, 
design concepts evolve through creative brain storming and consideration of biomimetic 
concepts and they encourage a multidisciplinary design process. The guide identifies three basic 
forms of biomimcry that can be applied to the whole building system (Mendler, Odell & 
Lazarus, 2006). In 1998, HOK and the Biomimicry Guild formed a partnership to integrate 
nature's innovations in the design of buildings, communities and cities worldwide. The 
Biomimicry Institute and the Biomimicry Guild research and document natural strategies, 
providing the basic input for a more traditional 'bottom-up' approaches to identifying recurrent -
-sets of problems, contexts and solutions (Hoeller, et al., 2007).  
Biomimicry	in	Design	Application	
If you look beyond the nice shapes in nature and understand the 
principles behind them, you can find some adaptations that can 
lead to new innovative solutions that are radically more 
resource efficient. It's the direction we need to take in the 
coming decades. (Michael Pawlyn in Scott 2012) 
Constituents of application of nature entail, taking natural form as an inspiration for shaping the 
appearance, taking natural process as an inspiration to understand the performance process, and 
taking an ecosystem as an inspiration to understand holistic connection. However, it is difficult 
to understand and identify the level these constitutes have been used and their relationship in 
architectural practice. 
During the Renaissance period (15th century) Leonardo da Vinci: an artist, scientist, architect 
and inventor created many nature inspired inventions specifically the flying machine inspired by 
form, process and structure of a bird. Several successful examples of using natural systems to 
inspire engineered product design have informed the present study. Design utilisation involves 
developmental research on products that draw on principles from the biological domain. 
Examples of design utilisation to develop bio-inspired products include the following: Lotusan 
created by Sto Corporation, is a self-cleaning exterior coating inspired by the lotus leaf; Gecko 
tape (Figure 2.4), a dry adhesive tape inspired by the adhesive mechanism of gecko feet (Figure 
2.3); Fastskin swimwear that Speedo created for the 2004 Olympic Games, inspired by the 
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surface ridges on shark skin; and the bionic vehicle (Figure 2.2) Mercedes-Benz Company, 
inspired by the aerodynamics of the box fish (Figure 2.1) (DesignBoom, 2010). 
 
Figure 2.1: Box fish 
(designboom 2000-
2010) 
Figure 2.2: Bionic 
vehicle (designboom 
2000-2010) 
Figure 2.3: Gecko feet 
(designboom 2000-
2010) 
Figure 2.4: Gecko tape 
(designboom 2000-
2010)  
During the 19th century, Frank Lloyd Wright initiated the perception Organic Architecture that 
promotes harmony between human habitation and the natural world through design approaches 
to integrate with its context was followed by many architects namely: Alvar Aalto, Antoni 
Gaudi, Hugo Häring, Bruce Goff, Eero Saarinen, Louis Sullivan and Buckminster Fuller. 
Buckminster Fuller is well-known as a pioneering architect who experimented with natural 
concepts as inspiration for the design of built structures. Most of his designs resulted from the 
application of design principles he found in Nature, such as high efficiency, light weight and 
dynamic patterns. His masterpiece American Pavilion at Montreal’s Expo 1967 (Figure 2.5) was 
a 250 foot diameter, bubble-shaped, transparent geodesic dome that was inspired by nature’s 
‘synergetic-energetic geometry’ (De Varco, 1997), which involves observing the behaviour of 
the whole system and its assembly of parts (Antoniades, 1992). Most of these earlier nature 
inspired practice examples did not reflect environmental consciousness, but were more of novel 
innovations or landmarks.  
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Figure 2.5: US Pavilion-Expo 67’ Montreal (Boldt  & Boldt 2009) 
Many innovative designs that have emerged over the past decade provide examples of the use of 
biomimicry (Benusa & Friend, 2008). The structure of the Water Cube designed for the 2008 
Olympics in Beijing by PTW Architects and Engineers is based on the arrangement of soap 
bubbles (Carfrae, 2006). The Pearl River Tower (Figure 2.6) designed and engineered by 
Skidmore, Owings, and Merrill, is based on the structure of a sea sponge and utilises wind 
energy to create electricity resulting in a zero energy building. Green technologies were blended 
seamlessly into the tower’s architecture to produce a visually appealing structure based purely 
on biomimicry principles (Benusa & Friend, 2008; Hansen, 2007). 
 
Figure 2.6: Pearl River Tower, Guangzhou (Liggett 2010) 
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The Beijing National Stadium built for the 2008 Olympics mimics the structure of a bird’s nest. 
Its design is based on biomimicry, and the use of recyclable steel and ETFE materials made it a 
‘green’ stadium (2007).The Hydrological Centre in Namibia uses water harvesting technology 
based on how the Namibian beetle obtains water from the morning fog (2007). Similarly, the 
design of the biomimetic icon, the Eastgate Centre (Figure 2.7) in Harare, Zimbabwe, was 
inspired by the way the native Zimbabwean termite harvests fungus growing within its mound 
and maintains a consistent temperature for the fungus to thrive (Doan, 2007). 
 
Figure 2.7: Eastgate Centre in Harare, Zimbabwe (Kerns 2014) 
Designers have employed natural orders in their own way, from Future Systems’ exploration of 
biomimicry, to Foster’s ecological systems approach and Yeang’s adoption of termite-tower 
principles for natural ventilation. Design in nature, however, is not problem-free (Edwards, 
2001). Featuring a combination of organic and technological innovation, Calatrava’s building 
forms are often inspired by nature. For example Milwaukee Art Museum was inspired by forms 
of marine life in the vicinity. While architects such as Calatrava, Renzo Piano and Foster have 
designed bio-inspired innovative shapes, it remains unclear how sustainable they are. The Pearl 
River Tower in Guangzhou, China, the Water Cube and Birds’ Nest in Beijing are also 
examples of strategies drawn from natural system, but lack clarity in terms of sustainability. 
However, learning from nature entails using ecology in quite distinct ways. The Eden project in 
Cornwall (Figure 2.8) has been recorded as a worthy example of innovative forms inspired by 
biomimicry that integrate technology with ecology. A horticultural architecture was created; 
biomes and the subsequent phases taking inspiration of the warm temperate and humid tropics 
for this project (Pawlyn, 2011). 
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Figure 2.8: Eden Project, Cornwall (Werbach 2011) 
Architect Mick Pearce draws the concept of an integrated or interrelated totality from biological 
synergy: “No one part can be extracted without affecting the performance of the building as a 
whole. like a living organism, the building requires all of its limbs and organs to fully function” 
(Johnston, 2002, p. 1). William McDonough argues that observing the law of gravity is not just 
a good idea, it is a given, and this should be the case for the other laws of nature (Johnston, 
2002). 
The process of designing to imitate ecosystems is known as ecomimesis. This is the 
fundamental premise of eco design. To achieve a similar state of stasis in the human built 
environment, built forms and systems need to imitate nature’s processes, structures and 
functions. The design innovations of Yeang’s tall buildings, known as the vertical concept, are 
based on the concept of ecomimesis. Examples include the EDITT Tower in Singapore, the 
Chong Qing Tower in China, the BIDV Tower in Vietnam, the K Tower in Kuwait City and the 
Eco Bay Complex in Abu Dhabi, UAE (Yeang, 2008). The concept of integrated life cycle 
design involves a life cycle view of design decisions in relation to planning, urban design, 
building envelope, interior environment and ecologically responsible energy and resource use. 
According to architect Lindsay Johnston, good passive design is integrated in to the building 
form and the demand for heating and cooling is minimised by the use of well-considered natural 
systems (Johnston, 2002, p. 42). 
Designers and architects at HOK have been collaborating with Biomimicry 3.8 biologists for 
several years. Together, they determine what could be inspired by ecologies to design, build and 
interact to balance the impact of buildings. They have designed many projects in this manner 
including three significant projects: the Lavasa town centre in Pune (Figure 2.9), King Abdulla 
University in Saudi Arabia (Figure 2.10), and a Master development plan for Brunei. HOK 
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architects believe that the gap between the built and natural environments can be filled through 
biomimicry, as an emerging field of study urging emulation of naturally occurring principles 
and processes. This firm’s main focus has been the temperate broadleaf forest biome 
(ecosystem) that uses patterns, principles, and phenomena of the forest system and its unique 
individual organism’s natural systems. 
Michael Pawlyn practices biomimicry in his established firm Exploration Architecture and 
strongly believes that biomimicry could lead the way to an ecological future. Most of his current 
practice examples of biomimicry in architecture are well articulated giving explanation to many 
issues pertaining to close loop system found in natural systems. 
 
Figure 2.11: Sahara Forest Project (Rocky 2008) 
These include: resource efficacy, structural efficiency, water efficiency, zero-waste systems, 
thermal environment, energy supply and biomimetic cities, while biological examples include 
Figure 2.9: Larvasa Town Centre,Pune (HOK., 2014) 
 
Figure 2.10: King Abdulla University of 
Science and Technology, Saudi Arabia 
(Kolleeny 2010) 
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rainforest ecosystems, (Pawlyn, 2011). One of his major projects is Sahara Forest Project 
(Figure 2.11), currently in development that includes a seawater greenhouse, fresh water 
distillation from sea water using sun light, and a Concentrated Solar Power array which uses the 
sun’s energy to create steam to drive electricity turbine(Pawlyn, 2011). 
In an Australian context architectural firms DesignInc (Council House 2, Melbourne-Figure 
2.12) and Francis-Jones Morehen Thorp (Macquarie University Library-Figure 2.13), have 
explored biomimicry more as design elements in buildings than as holistic design concepts. 
However, both buildings have tried to respond reciprocally to the characteristics of their local 
biome. 
Figure 2.12: Council House 2,Melbourne (Green 
diary 2014) 
Figure 2.13: Macquarie University Library (Fjmt 
2003–2014) 
A detailed taxonomy of literature on biomimicry in architectural eco design practice showed 
that most projects (design and architectural) adopt the indirectly mimicking approach (using 
principles derived from understanding how nature performs), and a few buildings adopt a 
directly mimicking approach, which mimics natural form, process or an ecosystem. 
The eco design buildings that use biomimicry principles indirectly were identified, but these 
proved difficult to categorise since most eco design principles are very similar to biomimicry 
principles, with only slight variations. Most buildings that were inspired by nature were not 
necessarily sustainable and buildings that had used nature to achieve sustainability and directly 
were found to have applied it as an element or service device (eco-technology) rather than 
holistically. Unlike the examples of successful product design, architectural practice remains 
something of a grey area that needs further research and development. 
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The search of practice application of biomimicry in buildings reveals that most building designs 
inspired by nature are not sustainable and most sustainable buildings are not inspired by nature. 
However, most biomimicry practitioners insist that the inspiration of natural systems will 
prompt innovations to advance “resource efficient, environmentally benign, and aesthetically 
satisfying” building and product designs (Solomon, 2002, p. 179). However some critics 
suggest the practice of biomimicry is creating values centred on innovative technology to values 
centred on ecology. “If biomimicry can learn from various ecocentric traditions, such as the 
alternative technology and deep ecology movements, then it can be transformed into a more 
manifestly environmental practice”, and proposes ecomimicry, as an alternative approach 
(Marshall  & Lozeva 2009, p. 7). However, ecosystem biomimicry is seen by most as one of the 
constituents of a Biomimicry Approach in architectural practice (Pedersen Zari, 2015). 
Constituents	of	a	Biomimicry	Approach		
Biomimicry ushers in an era based not on what we can extract 
from nature, but on what we can learn from her. This shift from 
learning about nature to learning from nature requires a new 
method of inquiry, a new set of lenses, and above all, a new 
humility.(Baumeister , Tocke , Dwyer , Ritter  & Benyus 2013, 
p. 8) 
Biomimicry rests on the assumption that natural processes and systems have evolved over 3.8 
billion years and the best solutions survive “not on what we can extract from nature, but what 
we can learn from her”. A reoccurring theme is that natural systems are the cyclical flow of 
matter with zero waste and energy, since waste from fauna and flora becomes food for others. 
Natural systems, in other words, are prudent economists of the whole. The desire to incorporate 
similar efficiencies and interdependencies in the design of human-built systems, involves far 
more complexity and diversity than simply the design of a building, element or product. 
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Figure 2.14: Constituents of Biomimicry Approach 
“[A] Biomimicry Approach seeks nature’s advice at all stages of design, from scoping to 
creation to evaluation” (Baumeister , Tocke , Dwyer , Ritter  & Benyus 2013). A Biomimicry 
Approach can be also seen as a three-dimensional problem-solving approach (McGregor, 2013). 
While it remains in a relatively undeveloped state, the literature suggests that a Biomimicry 
Approach can be conceptualised as an amalgamation of design ‘concept’, ‘procedure’ and 
‘application’ (Figure 2.14). As a design ‘concept’, it consults nature as a model, mentor and/or 
measure. As a design procedure, it can adopt a directly mimicking or indirectly mimicking 
approach. In relation to practice, it can be applied by taking inspiration from nature at a form, 
process or ecosystem level. This chapter has identified these as the ‘constituents’ of a 
Biomimicry Approach. It remains unclear how these constituents are actually used; 
independently or in combination and their best correlation in eco design practice. 
Summary	
Prior to the year 2000, when biomimicry was popularised in the work of Benyus and the 
Biomimicry Institute, emulating nature in design existed in various fields under different 
termonologies (bionics, biognosis, biomimetic, biotech, etc.). Similar approaches that mimic an 
ecosystem are known as ecomimicry, ecosystem biomimicry and ecomimesis. Other related 
disciplines include, industrial ecology, construction ecology, urban ecology, regenerative 
design and biophilia (Appendix A2). The only difference between biomimicry and these other 
approaches is that biomimicry is arguably more oriented towards sustainability and innovative 
beauty (Baumeister , Tocke , Dwyer , Ritter  & Benyus 2013) and well remarketed into the field 
of design, although, some critiques that biomimicry is not always being eco-friendly or 
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sustainable, and what theory defines as sustainable is not revealed in practice (Marshall  & 
Lozeva 2009). 
Recently, although a ‘biomimicry thinking’ has been incorporated into a biological data base 
(Baumeister, Tocke, Dwyer, Ritter & Benyus, 2013; Biomimicry 3.8 2012b), its potential 
applicability to the architectural design process is still unclear. Current research on biomimicry 
shows that there are many schools of thought to this translation of biology to design. What is 
lacking for architecture is a systematic design thinking process that fits with the normative 
design process, based on an ecological model and a biomimicry design approach that can inform 
eco design practice. Several architectural firms have collaborated with biologists or 
independently incorporated biomimicry to some extent in their own practices, but they have 
revealed little about a design process. This review of literature on biomimicry as a design 
approach has identified the main constituents as, ‘concept’, ‘procedure’ and ‘application’. 
Constituents of using nature as a ‘concept’ involves: consulting nature as a model-creatively 
emulating its elements and systems; consulting nature as measure-using ecological standards to 
judge the correctness of sustainability in design innovations; and consulting nature as a 
mentor-as a source of ideas that can be taken as lessons in creations. ‘Constituents’ of seeing 
nature as a ‘procedure’ leads to an approach that directly mimics an organism or a natural 
system and indirectly mimics by abstracting principles of how nature designs. ‘Constituents’ of 
the ‘application’ of nature entails taking natural form as an inspiration for shaping the 
appearance; taking natural processes as an inspiration to understand performance processes; and 
taking an ecosystem as an inspiration to understand holistic connections. The present study 
intents to identify the most appropriate combinations and effectiveness of these constituents of a 
Biomimicry Approach for eco design practice in architecture. The following chapter discusses 
and proposes appropriate ‘biomimicry thinking’ as a theoretical extension for both biomimicry 
and ecologically sustainable design in architecture. 
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Chapter	3: 	
Theoretical	Enhancement	
This chapter discusses and reviews ‘biomimicry thinking’ in four existing biomimetic 
analogical translation systems that are of particular relevance to architecture: Bio-TRIZ, Design 
Spiral, Typological Analysis, and Nature Studies Analysis. Following a comparative analysis of 
these systems, the author proposes an ecological model―the Biomimicry Theoretical 
Model―and a systematic design thinking process―the Biomimicry Theoretical Framework. 
The chapter describes how the model and framework were initially tested in the design of a real 
project called the Eco house. The chapter concludes by developing a set of ‘design propositions’ 
for an architectural eco design practice based on the understanding of ‘biomimicry principles’. 
The discussion in this chapter represents an original contribution to theory in the fields of both, 
biomimicry and ecologically sustainable design. 
Nature	as	a	Design	Learning	Approach	
Here we will need to return to the inspiration of nature. I 
believe that architects and designers have a significant role to 
play in recapturing the spirit recently lost from our cities – not 
only through the quality of our own work but also through 
raising public awareness of the possibilities for a better, more 
ecological city that also sustains the human spirit.(Maher 2009) 
Nature is a great educator. As a self-organising, self-maintaining, self-adapting and self-
correcting living system, it follows its own laws and principles to sustain the eco system. Yet 
the eco-intelligence of nature has rarely been harnessed for the human built environment. 
However, architects have been inspired by nature by five distinct ways: learning from nature, 
using nature’s models to inform design, making nature explicit, using nature for ecological 
accounting, and understanding every species as a designer (Edwards, 2001, pp. 24-25). Each has 
led to a different outcome. Buckminster Fuller’s designs transformed principles of nature such 
as high efficiency, light weight and dynamic patterns into geometric modular systems. Frank 
Lloyd Wright applied the cohesiveness; harmony and spatial mélange present in the natural 
landscape to his design Falling Water, which has been hailed as an outstanding example of 
nature-inspired architecture. More recent approaches include learning from the ecological basis 
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of nature (Hsin, 1996). Ken Yeang, for example, has developed a design guide for ecological 
architecture based on certain ecological and bioclimatic principles (Lawson, 2006; Yeang, 
2006) based on the understanding of ecosystem functioning. 
Although biomimicry; emulation or inspiration of nature is a recent concept, borrowing from 
nature has a long history. As noted by Benyus (1997), indigenous people relied deeply on the 
lessons and examples of how natural systems work. Unfortunately, the ‘natural’ instincts that 
the indigenous people had in creating their dwellings are lost in today’s modern or postmodern 
context because of the disconnection from their natural surroundings. According to Amos 
Rapoport, modern man has replaced the mythologies and cosmological orientation which were 
so important to primitive man (1969). The lessons of, emulation and the inspiration of how 
people and environment interact are evident in most vernacular buildings. By design responding 
to culture reflects knowledge of how people’s behaviour and environments interact (Rapoport 
2005). Undoubtedly, the stimulus of nature has helped most human civilisations to change, 
adapt and survive. 
Early mathematical phenomena and their connection to nature were reflected through many 
proportioning systems such as the Root 2 System, Golden Section (Golden rectangle, Golden 
mean, Golden circle), the Fibonacci series, the Classical Orders and the Modular, which were 
based on the understanding of growth and human body proportions (Ching, 2007). This extends 
to some of the momentous architectural icons such as the great Pyramids of Cheops, Parthenon 
and many other Gothic cathedral designs and Palladian villas. Some of these systems were 
reflected in the works of 20th century architects such as Louis Sullivan, Philip Johnson, Le 
Corbusier and Frank Lloyd Wright. Harmonic human body proportioning systems based on 
principles of nature existed even in the east as Vastu Madala Purusha (indian), and 
Tatami(Japanese) were valued for their natural aesthetic beauty connecting to astrological 
beliefs to design elements, building forms, even planning of cities. However, biomimicry 
demands more than just beauty or technology. It seeks sustainability and innovation, by 
understanding the natural processes which have not been considered in nature based 
proportioning systems. 
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Systems	Thinking	for	Ecologically	
Sustainable	Design	
We need to replace the present reality where we seem to live to 
produce, to consume and to waste. This will require a new view 
of architecture and urbanism and a new way of designing – 
what I would term “deep design” – with a focus on the ecology 
of design and an unselfish creative expression. We need to 
adopt a more intelligent and informed way of thinking and 
designing. (Maher 2009) 
Systems thinking is a holistic problem-solving approach to understanding the relationship of 
elements to the whole (Meadows, 2009). It is equally applicable to analysis of the social, 
economic and environmental aspects of sustainability (Cattano, Nikou & Klotz, 2010). The 
particular combination of systems theory and general ecological theory provides a way of 
thinking based on understanding of the ecosystem (Chapter one). New and emerging problems 
demand new approaches and ways of thinking (Vallero & Brasier, 2008). ‘Natural Capitalism’, 
uses an expanded set of values that include accounting for natural and human capital and 
perceives biomimicry as an approach which eliminates waste by redesigning industrial systems 
on biological lines, to discourse economic activity (Hawken, Lovins & Lovins, 1999, p. 3). 
They provide a deeper thinking about the uses of technology within an ecological context. Prior 
to this, Hawkin also suggested to re-create commerce with the emulation of natural systems 
(1993). 
The Buckminster Fuller Institute is currently conducting research on human well-being and the 
health of the planet's ecosystems by encouraging participants to develop and apply 
transformative strategies based on a synthesis between whole systems thinking and critical 
inquiry into nature's fundamental principles. This is known as the comprehensive anticipatory 
design science approach (The Buckminster Fuller Institute 2010). Over the past decade, 
sustainable design has undergone a paradigm shift towards ecological systems thinking; using 
natural principles to configure economic structures in socially acceptable ways within the 
broader framework of ecological sustainability (Orr, Sven Erik & Brian, 2008). Ecological 
sustainability intents to find solutions that led to making problems in practice, and regards 
nature as a model for design (Orr, 1992, p. 33) 
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Geoffrey Broadbent developed a design method for architecture based on four generic qualities 
of generating forms: pragmatic, iconic, analogical and canonic. Although he advocates using 
all four in a systematic fashion, there is no evidence of designers working in this way (Lawson, 
2006). Of these, the analogical method is considered most promising as a strategy for creative 
thinking inspired by natural forms (Broadbent, 1988). In contrast, the Malaysian architect Ken 
Yeang has proposed guiding principles and a model which reflect his interest in ecological 
design by focusing on regional identity and bioclimatic design based on general systems theory 
(Yeang, 2006). Despite these efforts, a systematic thinking approach, eco design practice for 
architecture has not yet been realised. 
Architects such as Bryan Lawson (2006) and Peter Rowe (1987) refer to the architectural design 
concept of a primary generator, a term that was originally coined by Jane Darke (1979). 
According to Rowe (1987), primary generator can be defined as “a priority use of an organising 
principle or model to direct the decision-making process”(p. 18). The aim of these and other 
scholars was to identify an overarching principle for design decisions. Such a principle would 
clarify design, enhance the vigour of an idea, keep aims within reach and sharpen the creativity 
of designers. This is a useful way of thinking about a solution by exploring and elaborating on 
the central pattern. It has potential to advance the use of biomimicry as a rigorous design 
generator in the goal of achieving ecologically sustainable design. Analogical thinking―that is, 
transferring ideas from natural to built systems―is also seen as a transdisciplinary method of 
thinking. It has been argued that successful biomimicry thinkers are inherently transdisciplinary 
thinkers (McGregor, 2013). 
Biomimicry	Thinking	
Biomimicry thinking at its core might best be defined as the 
methods and processes for determining the functional 
relationships of well or ill-defined problems, acquiring and 
abstracting biological insights, and positing (natural) examples 
of solution sets or decision points for design processes, 
engineering, planning or business fields. An assumed value 
proposition is also inherent in biomimicry thinking that in order 
to create products, systems, or services that are sustainable on 
earth; they should reflect similar system attributes to those that 
have evolved over 3.8 billion years of life. (McGee, 2012) 
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The ‘biomimicry thinking’ inherent in the biomimicry design lens developed by Biomimicry.3.8 
also provides context to where, how, what, and why biomimicry fits into the process of any 
discipline or any scale of design. This is a framework that is intended to practitioners to design 
following a set methodology (Figure 3.1). “As a field or meme it integrates with design 
thinking, systems thinking, and engineering paradigms yet brings a nuanced and deeper 
background relationship with living systems and biology” (McGee, 2012, p. 1). This 
relationship to biological knowledge, and the analogue thinking often inspires, leads to several 
unexpected benefits that have dramatic impact in the practice of biomimicry. 
 
Figure 3.1: Biomimicry thinking-design lens (Biomimicry 3.8 2012a) 
Taking a circular thinking process the ‘biomimicry thinking’ design lens follows a series of 
sequential steps consisting of scoping, discovering, creating and evaluating in order to create 
conditions conducive to life. Scoping includes defining a context, identifying a function, and 
integrating life’s principles. Discovering consists of finding natural models and understanding 
biological strategies. Creating contains brainstorming bio inspired ideas and evaluating involves 
emulating and measuring design principles. Each stage is intended to ensure the integration of 
life’s strategies into human designs following these particular steps (Baumeister, Tocke, Dwyer, 
Ritter & Benyus, 2013; Biomimicry 3.8 2012a). Although, this thinking process does help 
architects to practice to a certain extent, it does not follow the sequential design process familiar 
to most architects. 
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Analogical	Translations	from	Nature	
Biomimetic analogical translation involves creating models of biological systems that help to 
transfer principles from biological systems to manmade systems, such as engineering (Wilson, 
2008, p. 7). The systematic transfer of biology to technology has occurred in different ways in 
different disciplines. The scale of application varies at the level of form, process or ecosystem. 
Most of these systems have been developed in the field of industrial design but are also used in 
other engineering fields. The accurate identification of relevant biological solutions is difficult 
because of the enormous number of answers found in nature. Specific problems include the 
large analogical distance, lack of cross-domain knowledge, and lack of efficient means for 
extracting biological strategies (Wilson, 2008, p. 16). 
Despite this, several researchers are developing systematic approaches to optimising biological 
examples for architectural design. Two user-friendly analogical translation systems for 
architectural design were identified in the literature review― Bio-TRIZ and Design Spiral. Two 
other approaches―Typological Analysis and Nature Studies Analysis―offer a more 
architecturally focused method to ecologically sustainable design but are still at an experimental 
stage. 
Bio‐TRIZ		
Bio-TRIZ (Vincent & Mann, 2002) is a systematically developed version of the TRIZ method 
for inventive problem solving (Altshuller, 2000). In Bio-TRIZ, design problems are identified 
via opposing technological characteristics (Wilson, 2008, p. 9). Bio-TRIZ proposes a system 
operator hierarchy for biological systems (Figure 3.2). In biology, the hierarchical levels are 
identified as organelle, cell, tissue, organ, organism, population and ecosystem. This particular 
hierarchical level of the object under inquiry (Figure 3.2) is referred to as a super system, system 
or sub system (Vincent, Bogatyrev, Bogatyrev, Bowyer & Pahl, 2006, p. 476). This 
classification is considered to be an effective way to transfer biology into technology, stimulate 
creativity and solve technical problems (Vincent, 2006, p. 1). Bio-TRIZ approaches design 
using either a problem-based or solution-based approach. The problem-based approach has been 
identified as the most appropriate for architectural application. Bio-TRIZ identifies a design 
problem, tries to understand the problem, suggests appropriate solutions and identifies the final 
solution through biological systems. 
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Figure 3.2: The system operator hierarchy for biological systems  (Vincent, Bogatyrev, Bogatyrev, 
Bowyer & Pahl, 2006, p. 476) 
 
Design	Spiral		
The Design Spiral that was initiated by Carl Hastrich, enables designers to progress from a 
design sensibility to a process. The process is visually represented in the spiral (Figures 3.3) and 
involves six steps: identify, translate, observe, abstract, apply and evaluate in a creative fashion. 
This process assists innovators to respond to design challenges by thinking in biological terms, 
by questioning the natural world for inspiration, and then evaluating the results to ensure that 
the final design emulates nature at all levels- form, process and ecosystem (Biomimicry 
Institute, 2007). 
 
Figure 3.3: Biomimicry Design Spiral (Biomimicry Institute, 2007) 
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Janine Benyus and Dayna Baumeister use this system to teach and practise biomimicry. This 
thinking process follows the sequential steps of biomimicry design lens, although the steps vary 
depending on which approach― ‘biology to design’ (Figure 3.4) or ‘design to biology’ (Figure 
3.5)―is being used (Baumeister, Tocke, Dwyer, Ritter & Benyus, 2013; Biomimicry 3.8 
2012b). 
 
Figure 3.4: Design Spiral-biology to design (Biomimicry 3.8 2012b) 
 
‘Design to biology’ has more steps, which include identifying a function, defining the context, 
biologising the challenge in the design, discovering natural models, abstracting design 
principles, emulating natural strategies and evaluating against life’s principles (Figure 3.5). This 
approach is considered more appropriate to product design field than biology to design, since it 
closely follows the conventional design process. 
 
Figure 3.5: Design Spiral-challenge to biology (Biomimicry 3.8 2012b) 
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Typological	Analysis	
Typological Analysis, a framework for the application of biomimicry, examines nature at three 
levels of mimicry: organism, behaviour and ecosystem. Each level is further categorised into 
five dimensions―form, material, construction, process and function― to identify the different 
aspects of design that may be emulated in an organism or a system (Pedersen Zari, 2007, p. 4). 
Typological Analysis is a framework to explain the application of biomimicry at these different 
levels. It seeks to clarify how biomimicry can be used as a tool to enhance the regenerative 
capacity of the built environment.  
Table 3.1: Typological Analysis; a framework for the application of biomimicry (Pedersen Zari, 2007) 
 
The author Pedersen Zari (2007), notes that the value of the approach: “may be enhanced if a 
systems based biomimicry that mimics how mature ecosystems function, is included in initial 
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design parameters and is used as an evaluation benchmark throughout the design process” 
(Pedersen Zari, 2007, p. 8). 
Although this framework (Table 3.1) can assist practitioners to understand form with materials, 
construction techniques, processes and functions at different levels of application of biomimicry 
as stipulated, it tends to replicate nature rather than being inspired by nature, and also lacks the 
sequential linking with the conventional architectural design process that most architects are 
familiar with. 
Nature	Studies	Analysis	
Nature Studies Analysis, which was originally developed by this author as a design teaching 
tool, is a critical discourse on the architectural principles that can be derived from nature. It 
argues that what sustainability demands are precisely the fundamental ecological principles that 
direct nature. Here nature is taken as a model for design through systematic analysis of, and 
adaptation to, function and context (Gamage & Wickramanayake, 2005, p. 1). 
These observations led to the development of the Nature Studies Analysis Model (NSAM), a 
structured teaching method consisting of four phases, during each of which a particular animal 
or plant species is emulated. The phases are categorisation, scientific reasoning, aesthetic 
formation and interpretation (Figure 3.6). The method has been included in the first year 
architecture curriculum for 15 years, with a focus on different species each year.  
The Nature Studies model follows a systematic process of data collection through literature 
sources and field observations. The data are then analysed to generate an interpretation of the 
evolutionary process of a particular species. It is structured in accordance with principles of 
scientific reasoning. Next, the aesthetic formation (physical characteristics of the form) of the 
selected species is identified and related to functional (process) and contextual (environmental) 
adaptations. As an application of biomimicry, the model relates to categorisation at the eco-
system level, to scientific reasoning at the process level, and to aesthetics of form at the form 
level. 
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Nature Studies Analysis helps to categorise and explain the scientific basis of functional and 
contextual adaptations to aesthetic appearances, which are then transferred to a two- or three-
dimensional design. The Nature Studies Analysis Model acts as a mentor for ecologically 
sustainable design since it facilitates systematic understanding of performance, environment and 
aesthetics of a single species and analyses its process and form within the ecosystem. Although 
this thinking process was quite successful in creating product design, specifically ceramics, 
jewellery, textile, fashion and furniture, it’s the applicability to architectural design was not 
explicit. 
Categorisation 
Climatic zones, physical 
characteristics (size, shape, 
colour etc.), genetic code, 
habitat 
Scientific Reasoning 
Functional Adaptation- 
Primary function & other 
functions and performance 
mechanisms 
Contextual Adaptation 
Micro context (vegetation, 
topography, climate) and macro 
context (climatic zones) 
Aesthetic Formation 
Line, shape, texture, pattern, 
colour, geometric progression 
Interpretation 
Abstraction (three dimensional & 
two dimensional) 
Ecosystem 
Level 
 
Process 
Level 
Form 
Level 
PHASE   1- 
Group study 
PHASE 2- 
Individual 
Study 
PHASE 4 
PHASE 3 
 
Figure 3.6: Nature Studies Analysis Model (Gamage & Dayaratne, 2012) 
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Comparative	analysis	of	analogical	translation	systems	
Bio-TRIZ identifies the relationship between different levels (sub-systems, systems and super-
systems) within any given classification. It considers the hierarchy that regulates resources, 
energy distribution and capacity of the system, expressed at different levels. In this approach, a 
system is an organism, a super-system is the environment or ecosystem, and a sub-system is the 
organ or part within the organism (Vincent, 2006; Wilson, 2008). To some degree, such 
classifications are arbitrary, but in general a super-system maximises input and the use of the 
system as a resource, whilst the system minimises the effort and its resources from the super-
system. This method helps to identify a design problem, explain it, find a suitable solution and 
conclude with a biomimetic answer. 
The Design Spiral, on the other hand, emphasises the iterative nature of the process: after 
solving one challenge and evaluating another, the designer begins on the next. It can apply at 
any level of form, process or ecosystem. The Design Spiral denotes a systematic process of 
mimicking by identifying human needs through developing a design brief, interpreting the brief 
from nature's perspective, discovering the appropriate answer and resolving the challenges, 
abstracting to find repeating patterns and processes that emulate nature’s strategies and, finally, 
evaluating against biological/organic life’s principles (Biomimicry 3.8 2012b; Biomimicry 
Guild, 2009; Hoeller, et al., 2007). 
As previously mentioned, Typological Analysis framework for the application of 
biomimicry- helps to identify mimicry of a specific organism and how it relates to the larger 
context by mimicking an ecosystem in different dimensions. This framework identifies the 
building’s form, appearance, materials, processes of construction and how it functions 
(Pedersen Zari, 2007, p. 3). Typological Analysis which is a developed framework that tries to 
respond to both Bio-TRIZ and Design Spiral, has the capacity for problem solving, and is more 
applicable to architecture. 
Nature Studies Analysis endeavours to identify a process for generating form by scientifically 
analysing the reasons behind the generic formation of natural form in relation to external and 
internal forces (Gamage & Wickramanayake, 2005, p. 44). This involves categorising species 
into groups and reasoning scientifically about how they adapt to their environments to perform 
functions, in order to synthesise an innovative form with certain physical characteristics. A 
comparative analysis of these analogical translation systems is presented in Table 3.2. 
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Table 3.2: Comparative analysis of analogical translation systems (Gamage & Hyde, 2012) 
Analogical 
Translations 
Nature Studies 
Analysis (NSA) 
Typological 
Analysis (TA) 
Design Spiral 
(DS) 
Bio-TRIZ (BT) 
Biomimicry scales of 
application 
Form 
Process  
Ecosystem 
Organism 
Behaviour 
Ecosystem  
Form  
Process  
Ecosystem 
System  
Sub-system 
Super- system 
Ecosystem: 
How does it fit with the 
whole? 
Process: 
How does it perform & 
how is it made? 
Form: 
What is the shape? 
Categorization  
Scientific reasoning 
Functional adaptation 
Contextual adaptation  
 
Aesthetic reasoning 
Form 
Process  
Material  
Construction  
Function 
Identify  
Interpret  
Discover  
Abstract  
Emulate  
Evaluate 
 
Problem 
Problem 
understanding  
Logical solutions  
Biomimetic 
solution  
Biomimicry design 
approaches 
Natural systems to 
built systems and built 
systems to natural 
systems 
Biology influencing 
design and design 
looking to biology 
Biology 
investigating 
design and 
design 
investigating 
biology 
Solution driven 
approach and 
problem driven 
approach 
 
The comparative analysis shown in Table 3.2 facilitates understanding of the scale of 
application in the parallel transference of ideas, concepts and strategies of natural systems to 
built systems. Bio-TRIZ (Vincent, 2006) identifies the technical barriers in materials and 
structures (Memmott, Hyde & O'Rourke, 2009), Design Spiral (Biomimicry Institute, 2007) 
distinguishes the creative inspiration of form for innovation, Typological Analysis (Pedersen 
Zari & Storey, 2007) assists in the identification of the level and dimension of mimicking, and 
Naure Studies Analysis (Gamage & Wickramanayake, 2005) aids in the analysis and 
organisation of a systematic design process that incorporates natural behavioural patterns and 
physical characteristics. All four translations help designers to investigate the level and 
sequence of application and parallel transference of nature to manmade systems. This includes 
mapping each analogical translation and identifying the relationship between each stage. Each 
of the systems has a macro-to-micro level of applicability within a particular hierarchy. 
Moreover, all systems have been used as analytical tools to determine the mimicking process in 
transferring strategies at three levels: form, process and ecosystem. The great disadvantage 
common to all is the difficulty in linking each level into a sequential design thinking process 
that is suitable for architecture. 
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Biomimicry	Thinking	for	an	Architectural	
Eco	design	Practice	
The current approach to biomimicry generally involves reductive approaches that do not provide 
a complete design approach that is suitable for architecture. This study proposes a holistic 
understanding of biomimicry that advances ecologically sustainable design to architecture 
beyond mimicking a particular organism and seeks instead to replicate an ecosystem as an 
interconnected whole. Such an approach involves examining an ecosystem as a systematic 
process, incorporating nature’s general characteristics rather than limiting the focus to specifics. 
The preceding discussion has described some mature ecosystem theories and models. It has 
identified existing biomimetic analogical translation systems that may be most applicable to 
architecture such as Bio-TRIZ (Vincent, 2006), Design Spiral (Biomimicry Institute, 2007), 
Typological Analysis (Pedersen Zari & Storey, 2007) and Nature Studies Analysis (Gamage & 
Wickramanayake, 2005). Through a comparative analysis, the author has developed an 
ecological model (Biomimicry Theoretical Model) that underpins a theoretical framework 
(Biomimicry Theoretical Framework). This involves two approaches to emulating nature: the 
directly mimicking approach, in which biological features are the main determinants of the 
design and are directly applied; and the indirectly mimicking approach, in which the application 
can occur at any scale or level of organisation in architecture. 
Biomimicry	Theoretical	Model	 	
The Biomimicry Theoretical Model focuses on how a particular organism is sustained in a 
healthy way within an ecosystem. In this model, categorisation of species occurs at an 
ecosystem level but the model also attempts to understand the system as it connects at a micro 
level in both process and form (Figure 3.7). This requires a meticulous understanding of how an 
organism takes a specific form in order to perform its processes by understanding the functional 
integration and their bio-integration and interconnectedness. Functional integration is about 
understands the primary and secondary performances, mostly behavioural patterns and 
techniques and mechanisms used by the species. Environmental adaptation involves the process 
by which an organism is shaped in terms of colour, texture, pattern and size to adapt to the 
conditions of its habitat. 
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The sequence of processes is viewed as an ecosystem-based design process that explains the 
synthesis of components, materials and structures of forms (of the species) within an ecosystem. 
This type of design thinking can be transferred to the design of built systems. This reveals some 
important underlying patterns that facilitate identification of the correlation between each level 
of application―form, process and ecosystem―that is, holistically. 
Biomimicry	Theoretical	Framework	 	
Comparative analysis of the four analogical translations helped to identify the approaches to 
mimicking or creative inspiration for a design process, which are most appropriate for 
architecture. This analysis involved identifying inter-relationships and inter-connections as 
processes observable in nature through an appreciation of environmental attributes of 
ecological, constructal, ecosystem and systems theories (Chapter 1). These were used to 
structure the proposed theoretical framework in a systematic way. The Biomimicry Theoretical 
Framework seeks to identify systematic strategies of functional integration and environmental 
adaptation in natural systems. Nature Studies Analysis is the main foundation of this 
framework, since its steps have a sequence similar to those of a conventional architectural 
design process. However, Typological Analysis-a framework for the application of 
biomimicry-Bio-TRIZ and Design Spiral have been utilised as supplementary resources for 
identifying the links between form, process and ecosystem. Although the Biomimicry 
Theoretical Framework derives from the directly mimicking approach, it is applicable to both 
Figure 3.7: Biomimicry Theoretical Model (Gamage & Hyde, 2012) 
EDP- Ecosystem based Design Process 
Categorisation 
Functional Integration & 
Environmental Adaptation 
Innovative Form 
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directly and indirectly mimicking biomimicry approaches. It can be applied in the directly 
mimicking approach to investigate the feasibility of translating natural systems into built 
systems and vice versa, always with reference to a particular organism. 
Table 3.3: Biomimicry Theoretical Framework (Gamage & Hyde, 2012) 
Scale of 
application Design process 
Direct approach:  
specific mimicking 
Indirect approach: 
general mimicking  
Ecosystem 
 
How does it fit with 
the whole? 
Categorization 
 
What is the type of 
classification? 
Type of species, physical 
characteristics, climatic zones, 
relationship between species, 
size and form variations  
Identification of building type, types 
of users, size variations, form 
variations, relationship with users 
and organisms, climatic zones 
Process 
 
How does it 
perform and how is 
it made? 
Functional 
Integration  
 
What are the 
innovative 
strategies? 
Hierarchy of functions: primary, 
secondary, techniques, 
physical characteristics, 
mechanisms, patterns, 
behaviour patterns , needs, 
communication, 
organisation  
Users & user needs, hierarchy of 
functions: primary, secondary 
functions, techniques, physical 
characteristics, mechanisms, user 
behaviour, patterns, needs, 
occupancy, communication  
Environmental 
Adaptation  
 
What are the 
innovative 
strategies? 
Macro and micro environment, 
physical characteristics, habitat, 
topography, macro and micro 
climate: wind, sun path, 
temperature, humidity, rainfall 
Macro and micro environment, 
physical characteristics, habitat 
topography, macro and micro 
climate: wind, sun path, 
temperature, humidity, rainfall 
Form 
 
What is the 
shape? 
Innovation of 
form 
 
What is the 
expression? 
Design fundamentals: lines, 
shape, texture, colour, patterns, 
geometric progression: module, 
unit to whole, scale and 
proportions 
Design fundamentals: lines, shape, 
texture, colour, patterns, geometric 
progression: module, unit to whole, 
scale and proportions 
The indirectly mimicking approach involves abstracting principles and concepts from nature and 
can be seen as a universalising process. This indicates that the directly mimicking approach 
favours the use of specific mimicking systems while the indirect approach can best be used as a 
general mimicking system, as suggested in the framework’s procedure. A specific mimicking 
system imitates a particular species and its behaviour patterns within its microclimate, which in 
turn are transferred according to the phases in the framework. A general mimicking system only 
follows the steps evident in nature and uses those steps as a design process to help generate 
ecological architecture in a sequential manner (Table 3.3). 
The Biomimicry Theoretical Model outlines a systematic ecological design thinking process and 
the comparative analysis of analogical translation systems helps to structure the Biomimicry 
Theoretical Framework. The significance of the Biomimicry Theoretical Framework lies in the 
systematic organisation of a design thinking process based on identifying the patterns of 
interconnectedness and interrelationships within the ecosystem and scaling down to its 
processes in order to create an innovative form. Thus, the Biomimicry Theoretical Framework 
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proposes a series of questions about the type of categorisation, the type of strategies used to 
integrate functions and adapt to the environment effectively and the manner in which these are 
expressed in relation to the physical form, as well as emphasising the way in which each part is 
synthesised into a coherent whole. The key phases and components of the Framework include 
categorisation, functional integration, environmental adaptation and innovation of form (Table 
3.3). Each of these is discussed in more detail below. 
Categorisation	 	
The Categorisation phase explains the differences and similarities of species and the basis on 
which they are characterised. In this phase, species are categorised mainly according to their 
general and specific characteristics (scientific classification). General characteristics are 
established by identifying behavioural patterns, habitats, food consumption patterns and life 
cycle within an ecosystem. According to the Darwinian theory of natural selection and its 
subsequent elaboration, species with similar genetic codes in similar habitats are categorised 
into a group (family) and sub group (genus) based on observed similarities and dissimilarities. 
The concept of natural selection is simple but powerful: individuals best adapted to their 
environments are more likely to survive and reproduce. As long as there is some variation, there 
will be an inevitable selection of individuals with the most advantageous variations (Darwin, 
1859). Species are categorised according to climatic conditions, physical characteristics (size, 
form, colour), scientific classification, behavioural patterns or habitats. Systems theory has been 
used to help identify these trans-disciplinary complex systems in nature and the abstract 
organisation of phenomena, independent of their substance, type, spatial or temporal scale. 
Further, systems theory can investigate a group of species that work together in an ecosystem. 
The categorisation stage asks how a particular organism is classified within its ecosystem as a 
whole and what significant characteristics help to ensure its successful fit. The answers to those 
questions are then used to develop a typology of built systems that exhibit a similar functional 
or contextual pattern. 
Functional	integration	
The functional integration phase identifies the hierarchy of functions (primary and secondary), 
characteristics, techniques, mechanisms, behaviour and needs of different species. For instance, 
a primary function of a leaf is photosynthesis. The leaf’s structure has a wide horizontal surface 
to enable it to capture the greatest amount of sunlight for maximum nutrient production. 
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Secondary functions may include the characteristics that protect against various climatic 
conditions such as humidity, temperature, rainfall and wind. Species also demonstrate a variety 
of mechanisms for defence or camouflage or to mimic other species. Natural systems have the 
capacity to self-organise at all levels (form, process and ecosystem). The hierarchical nature of 
ecosystems suggests that all animals have a repertoire of behavioural patterns that fit within it. 
The behavioural repertoire of an animal may have a strong genetic basis, as may the integration 
mechanism. Some species also respond to environmental experiences through modification or 
integration of their behaviour (Hansell, 2005, p. 183). 
Systems theory provides a general method for studying the ecosystem and incorporating 
organisational patterns. A system is defined as a collection of interrelated parts that work as a 
whole through some driving force. Functional relationships between the parts suggest the flow 
and transfer of energy and matter. These parts and processes of a system have functional as well 
as material and structural interconnection (Von Bertalanffy, 1974). The functional integration 
phase identifies self–organising characteristics, as well as multi-functionality, by identifying the 
diversity of behavioural patterns in organisms. It asks how an organism behaves to sustain its 
processes and identifies the main features required to do so. Functional integration can help to 
identify hierarchical connections and the synergy between technology, materials, structure and 
form in order to optimise built systems. Thus, identifying functional integration facilitates 
design that eliminates wasted space and integrates physical attributes efficiently by identifying 
the hierarchical organisation of functions, behavioural patterns and their interconnections in 
built systems within its environment. 
Environmental	adaptation	
Adaptation is one of the most basic phenomena of biology. It is the process whereby an 
organism becomes better suited to its habitat. The term adaptation refers to a trait that is 
important for an organism's survival. The size, shape, colour and texture of leaves varies in 
different environmental conditions. This relates to behavioural and physical aspects of biology 
and, in the case of animals, can also relate to psychological adaptation. Olgyay’s model can be 
used to develop taxonomy of environmentally adapted building types. The model identifies 
plant morphology in various climates that is analogous to the formation of buildings (Olgyay, 
1963, p. 85). Indigenous plants, animals, and natural formations adapt to local habitat, 
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topography and microclimatic conditions (such as wind, the sun’s path, temperature, humidity 
and rainfall) with variations in their physical characteristics.  
An indigenous plant species in a foreign environment will have the same physical 
characteristics, but will either adapt to the new microclimatic and other environmental 
conditions through a change in form or die out (Kay, 2002). The relationships between species 
within the habitat help to balance and sustain an ecosystem. In environmental adaptation phase, 
questions are asked about how an organism performs its functions to suit the context and 
identifies the main factors that influence its shape. In built systems, this translates into questions 
about how physical attributes, such as fabric and mass, should be designed as part of an 
adaptation strategy―in relation, for instance, to orientation, light and ventilation―to climatic 
conditions and spatial organising mechanisms. 
Innovative	form	
The expression of natural systems is mapped to identify design fundamentals, such as line, 
shape, texture, colour and pattern, in the physical forms of species. This entails understanding 
the physical components of natural systems in relation to a geometric progression (module, unit, 
whole) and scale and proportion. The expression of natural systems can be represented by a 
diagram of forces in equilibrium (Olgyay, 1963), in which the internal forces of functional 
integration and the external forces of environmental adaptation shape the evolution of the final 
form. In the theory of evolution, genetic forces drive the functions which, in turn, drive the 
form, while the environmental conditions give shape to the mass. Constructal theory is useful 
here to explain the flow that gives shape and structure to systems (Bejan & Lorente, 2011). 
An innovative form requires a synthesis between internal forces (functional integration) and 
external forces (environmental adaptation). In natural systems, scientific analysis of the relation 
between form and shape involves the translation of these observations into conceptual design 
fundamentals that relate to geometric proportioning systems, such as the Golden Section and the 
Fibonacci Sequence (Vajda, 1989). These are based on observations of proportion in nature and 
provide an additional way of evaluating the level of expressiveness of a form. Hence, the 
expression of form in a natural organism can help to identify mechanisms of functional 
integration and environmental adaptation that facilitate survival. This phase, the innovative 
form, asks why a particular organism has a specific form and seeks a scientific explanation for 
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its major features. Many authors believe that similar observational and reasoning processes can 
be transferred to the evaluation of built systems. 
Both the Biomimicry Theoretical Model and the Biomimicry Theoretical Framework have the 
potential to contribute to a more flexible, holistic design process that can potentially be applied 
in a variety of ways to enhance ecologically sustainable design based on a biomimicry design 
approach. This may lead to better understanding of natural adaptation and integration processes 
by examining how forms develop to fit harmoniously within an ecosystem. 
Applying	Biomimicry	Theoretical	Model	and	
Framework	
The Nature Studies Analysis Model can be used to achieve ecologically sustainable design. It 
facilitates understanding of performance, environment and aesthetics by identifying a single 
species and analysing its process and form in the ecosystem. In this way, the entire relationship 
can be understood as a systematic process of interdependence and interconnectedness between a 
species and an ecosystem (Figure 3.1). In other words, it is based on the principles of 
biomimicry. 
In addition, the Biomimicry Theoretical Model can be used as a bottom-up approach in the 
ecologically sustainable design process, as either a general or specific mimicking system. Both 
specific and general mimicking systems are useful in showing how the connections between a 
form (species), process (mechanism) and ecosystem (context) create an assemblage of 
interrelated parts that work together. These systems can be applied at any level or as a 
continuous design process. The Biomimicry Theoretical Framework helps to identify strategies 
in synergising relationships between the microclimate and physical attributes (form and fabric) 
of a building. This process is assessed using conventional criteria of ecologically sustainable 
design, such as material impact, structural efficiency, energy consumption and emission of 
gases and solid waste, to provide an early indicator of ecological sustainability in architecture. 
The integration of a biomimicry design approach offers more scope for conceptual drivers in 
design and the potential for higher order gains in sustainable buildings than those that are 
currently achievable. 
The greatest potential of the Biomimicry Theoretical Framework lies in its application as a 
process for problem solving rather than as a way to directly mimic biological shapes and forms. 
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As a systematic ecological design thinking process for built systems, it can identify how built 
systems should be categorised, what their function is, who uses them and their behaviour 
patterns, how best the functions can be integrated, what their microenvironment consists of, and 
how the building can best be adapted to the local climate. It can also be used to mimic or take 
creative inspiration from natural mechanisms (such as camouflage, defence strategies, 
locomotion, attraction of the opposite, forces of gravity, least energy systems, use of local 
resources and behavioural patterns) for integration and adaptation. Adopting these behavioural 
patterns, mechanisms and processes can help to increase the level of multi-functionality and 
diversity in order to optimise design. The Biomimicry Theoretical Framework hypotheses that 
the most complete synthesis of these two processes (functional integration and environmental 
adaptation) will generate an optimum innovative form that is sustainable within its ecosystem. 
The Biomimicry Theoretical Model and the Biomimicry Theoretical Framework provide an 
original approach to biomimicry design thinking that draws on ecology as an analogical model 
and is compatible with the conventional design process in architecture. It identifies the 
connections between components, built systems and the ecosystem. The Biomimicry 
Theoretical Framework categorises natural systems to identify the processes within an 
ecosystem and uses scientific reasoning to relate these to physical characteristics of form. This 
process can serve as a concept generator to help designers integrate and adapt a whole system 
design rather than merely assemble elements. It is an approach that promises to optimise form 
and produce less waste. While it may be true that- ‘form follows function’, this approach 
additionally proposes that- ‘shape follows environment’. 
Testing	the	Biomimicry	Theoretical	Model	and	
Framework:	The	Eco‐House	
Using the Biomimicry Theoretical Model and Framework (Gamage & Hyde, 2011; Gamage & 
Hyde, 2012), this author was fortunate enough to have the timely opportunity to design an 
experimental project (Figure 3.8) called the Eco house (Razak, 2012). Its conceptual foundation 
was design with nature, more with less and it used biomimicry as a design thinking process. 
This involved a biomimicry design approach (Figure 3.9) that use both indirectly mimicking (the 
use of ‘biomimicry principles’ such as diversity, multi-functionality and spatial integration) and 
directly mimicking (the functioning of a lowland tropical rainforest ecosystem and the 
characteristics of broad leaves). 
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Figure 3.8: Eco house (author) 
In the early stages of the design process, this helped to identify and eliminate wasted spaces and 
to ensure that resources and energy were used efficiently. The Biomimicry Theoretical 
Framework provided a conceptual pathway for establishing the collective character of the 
constituents of a Biomimicry Approach and identifying some of the ‘design propositions’ 
appropriate to architecture. The findings from this project directly informed the methodology 
(identifying the constructs) of the present study. 
Biomimicry	as	a	design	approach	
As noted above, the process of designing the Eco House (Figure 3:8) involved both directly and 
indirectly mimicking approaches (Figure 3.9). Both approaches followed the Biomimicry 
Theoretical Framework phases of categorisation, functional integration, environmental 
adaptation and innovative form (Table 3.2).  
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Figure 3.9: Biomimicry reasoning process (author) 
The house mimics the characteristics of a broad leaf structure (Figure 3.10) and the 
characteristics of a lowland rainforest (Figure 3.11), in accordance with the project’s conceptual 
commitment to doing ‘more with less’. Mapping nature’s ecosystem characteristics helped to 
identify ecological strategies such as integration and adaptation to synthesise the form, spaces 
and fabric into an optimum fit with the environment. 
 
Chapter	3:	Theoretical	Enhancement	
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture	 3‐24	
 
Figure 3.10: Broad leaf–elongated tip (Ellis 
2014) 
 
Figure 3.11: Lowland tropical rain forest (Sri Lanka 
wonders of Asia 2014) 
The design directly mimicked: 
– the large, broad leaves of local tropical trees (Figure 3.10);  
– the way large amounts of water drain into the ground (Figure 3.10); 
– the wide surface area (needed for photosynthesis) and the venation patterns of 
the leaves, which have stiff, curled edges, are slightly funnel shaped, and have 
an elongated tip for drainage (Figure 3.10); 
– the micro and macro context, including climatic conditions, the sun’s path, wind 
directions, monsoonal rains, vegetation and topography of the site (Figure 3.12); 
the four-layer canopy structure (emergent canopy, under-canopy, shrub canopy, 
ground cover) of a lowland tropical rainforest (Figure 3.12); 
– the strategies for balancing the penetration of air, light, heat and water into the 
canopy structure(Figure 3.12); 
The design indirectly mimicked: 
– the principles of Biomimicry (life principles) were integrated into these steps of 
the indirect approach: 
– user behaviour patterns, needs and requirements were identified and integrated 
into the environmental conditions at the site; 
– user functions were integrated with environmental adaptation strategies; 
– natural ecosystem characteristics were mapped and ecological strategies of 
integration and adaptation were identified. 
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Figure 3.12: Canopy structure in ecosystem (author) 
Integration	and	Adaptation	strategies	in	the	Eco	house		
The Eco house was designed for a young, nature-loving family of three. The user’s behavioural 
patterns, needs and requirements identified were more appropriate with a sustainable life style. 
Ecosystem mapping was conducted at both micro and macro levels, taking into account the 
climatic conditions, vegetation and topography of the site. The client’s behavioural patterns and 
needs were carefully integrated along the existing site constraints, while the warm, humid 
climatic conditions informed the design of the overall shape.  This produced a three-level 
structure: ground (Figure 3.13), upper (Figure 3.14) and deck (Figure 3.15).  
 
Figure 3.13: Eco house-ground floor (author) 
Spaces were manipulated to obtain maximum efficiency, via effective integration of functions 
within an innovative, robust built form that was well adapted to the environment. With a north-
south orientation, the linear form reflected an ecological design in which the front garden, 
comprising individual courtyards, framed the natural environment and added additional space. 
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Figure 3.14: Eco house-upper floor plan (author) 
Eco materials and performance strategies were holistically integrated into the design. These 
included re-use of eco materials such as discarded railway sleepers, old granite slabs, bricks 
from the existing house, old doors, windows and frames, and timber and steel members. Eco 
technologies comprised solar panels, a rainwater harvesting system, use of low energy lighting 
and green walls. Some materials and certain sections of the foundation of the existing house 
were also reused. The eco-design strategy maximised the utilisation and integration of space and 
the effective use of materials and structure. 
 
Figure 3.15: Eco house deck level (author) 
Different types of eco materials with varying strength were used in the most advantageous way, 
in terms of both performance and aesthetics. The pattern variations (cement rendered, semi-
rough plastered, un-plastered and exposed brick) added variety and created different moods 
within the overall form. All three levels were integrated vertically by voids and light weight 
timber and steel staircases (Figure 3.17). 
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Figure 3.16: Eco house grill detail (author) 
 
Figure 3.17: Eco house stair case (author) 
 
Considerations of cost, efficiency and post-occupancy maintenance were reflected in the use of 
load bearing construction, ground level concrete columns that gave way to steel columns on the 
upper levels, timber beams and decking and vertical planning of services. Lean-to roofs with 5 
ft (1.5m) long eaves (Figure 3.16), transparent glass canopies on discarded railway sleepers, and 
railway sleeper pergolas over the court yards (Figure 3.21)were designed to accommodate the 
heavy monsoonal rains, reduce glare and introduce the cool southerly breeze into the building 
(Figure 3.16). The green feature wall on the boundary helps to absorb dust and heat and the 
patterned holes help to ventilate the building. The design language reflects a linear quality that 
balances verticality with horizontality via the incorporation of features such as outside doors, 
grills, pergolas, a boundary wall and specially designed niche light fittings (Figure 3.21). 
Eco design strategies helped to achieve natural ventilation, maximise sunlight and reduce heat 
absorption. Re-used materials, minimum use of energy and rustic finishes ensured low 
maintenance (Figure 3.18, 3.19 & 3.20). The use of transparent materials added value to the 
concept of ‘designing with nature’. Substituting conventional glazed windows with timber and 
iron grills (Figure 3.16) allowed for natural ventilation and the resulting light patterns enhanced 
the different moods of day and night. Discarded and second-hand railway sleepers were used 
above the courtyards to shield against the heavy monsoonal rains (Figure 3.21). 
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Figure 3.18: Eco house 
canopies (author) 
 
Figure 3.19: Eco house 
Courtyards (author) 
 
Figure 3.20: Eco house green Wall (author) 
This design integrated user functions with environmental adaptation strategies. It addressed 
most of the client’s requirements while adjusting to the contextual and climatic conditions. A 
minimum building footprint (25% of the land) was achieved by reducing the floor area ratio and 
eliminating wasted spaces. Overall, the eco house promotes efficient use of material and 
minimises waste, thus enhancing ecological sustainability. 
 
Figure 3.21: Eco house details (author) 
This entire process of designing the Eco house was in accordance to the ‘biomimicry thinking’ 
process and assisted in identifying the most appropriate constructs for the practice survey. 
However, the pathway used was not that clear as of how the constituents of Biomimicry 
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identified in chapter 2 relates to each other or the hierarchy of its use. Nevertheless, this design 
experiment gave an inclination as to how best the ‘constituents’(dependent constructs) proposed 
for a Biomimicry Approach (Chapter 2) could assist identify its ‘scales’ (independents 
constructs) which relates both to biomimicry and ecologically sustainable design. Nevertheless 
this design thinking process enabled using ‘biomimicry principles’ as a checklist, to further 
develop a set of ‘design propositions’ more appropriate to eco design practice in architecture. 
Biomimicry	Design	Propositions	
‘Design propositions’ constitute the theoretical understanding that informs practical application 
when creations are designed or constructed. These can be frequently integrated and are known 
to serve as practical goals (McKenney & Reeves, 2012). The design propositions described in 
this section represent an amalgamation of: 
– Biomimicry principles (Benyus, 2002) 
– Ideas from Janine Benyus, Michael Braungart, William McDonough, Kevin Kelly, 
Steven Vogel, D'Arcy Thompson, Buckminster Fuller, Julian Vincent and Dee 
Hock (Faludi, 2005). 
– David Orr, Paul Hawken 
– Pedersen Zari’s extended ecosystem principles (Pedersen Zari & Storey, 2007) 
– The biomimicry design framework for sustainability (Head, 2008). Additional 
insights were generated through the process of designing the Eco House according 
to the Biomimicry Theoretical Model and Biomimicry Theoretical Framework. 
The 14 ‘design propositions’ are each discussed below. These ‘design propositions’ are an 
extension of ‘biomimicry principles’ which are considered more specific to architecture. 
Reduce	over‐designing	
Natural systems avoid internal and external excess to achieve efficient interdependent 
ecosystems. The principle of reducing over-designing is not only applicable to materials and 
waste, but can be used in the design of physical attributes such as space, form and shape through 
the holistic integration of functions and environmental adaptation strategies. An example of not 
over-designing is making structural members only as large as they need to be to carry the 
applied loads. 
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Eliminate	waste	spaces	
Nature does not waste space. In organisms, most spaces perform a particular function. This 
concept can be applied in architectural design. In mature ecosystems, cooperation creates 
stability of the whole by manipulating space. For instance, rainforest fauna and flora survive on 
the overlapping space of the different levels of the canopy structure. This involves balancing the 
penetration of air, light, heat and water through the different levels of the canopy, reflected in 
the evolution of characteristics of the canopy structure itself. This ‘design proposition’ 
advocates diversifying to fill every niche — finding where waste is being created and using it as 
a resource (Benyus, 2002). Every space in a building should therefore be large enough to 
accommodate requirements but avoid unwanted spaces or volumes. 
Integrate	spaces	
Organisms synthesise themselves so that each element is integrated with another. For example, 
a flower is composed of various elements (stamen, pistil, petal, sepal, receptacle, and pedicel) 
that perform functions both individually and collectively. A flower that needs to be pollinated 
by insects also needs to be able to attract them; the flower’s composition and its colours are thus 
not selected in isolation from each other. Most spaces in organisms and natural systems are 
integrated with other functions. Collectively, all spaces are thus well utilised. Every component 
works synergistically, the whole being greater than the parts. 
Multiple	functionality	of	spaces	
In natural systems or organisms, the internal spaces have one or more functions. The petals of a 
flower, for example, function to protect the internal elements (anther, filament ovule, pollen 
tube and stigma) from harsh environmental conditions and its circular composition creates an 
internal space. The appearance of petals (form, shape, colour, texture, and odour) attracts insects 
for pollination and it is composed from many petals rather than just one. In relation to spatial 
planning in buildings, multi-functionality should be considered a key principle whereby natural 
examples can be used as precedents for architectural eco design. A client may request many 
spaces in a design but the total area can be reduced by using multi-functional space or using 
existing resources. In the traditional Japanese house for example, one space is able to be used 
for many functions such as eating, entertaining, sleeping through the temporal rearrangement of 
furniture and furnishing. 
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Adapt	fabric	to	climate	
Many natural processes, organisms and systems have the ability to adapt to their immediate 
context or environment. This includes climatic conditions, such as wind, rainfall, temperature 
and humidity, as well as topography and vegetation. The outer surface of any plant or animal 
species has the ability to shape its appearance (colour, texture, size and pattern) according to its 
immediate habitat. This is adaptation is a ‘bioclimatic approach’ to design (Olgyay, 1963). 
Use	multifunctional	materials	and	technologies	
Bio-materials and bio-technologies have many multifunctional characteristics. These are 
integrated to perform a variety of tasks. In architectural design, the qualities of materials and 
technologies need to be well understood if the designer is to be able to integrate them. This 
proposition was used in designing the Eco house described earlier in this thesis. 
Create	shapes	according	to	environmental	constraints	
Each species changes its character according to the functions it has to perform and its habitat. 
Especially in organisms, size, texture, patterns and colour change according to the immediate 
environment. This phenomenon is elaborated well in ‘transformation’ and ‘chaos’ theories 
(Farazmand 2004). For example, while a mature tree may only grow to its full height in its 
indigenous habitat, its physical characteristics may be modified to suite its micro-climate in a 
non-native environment. Similarly, a building’s form and materials can be designed to respond 
to its immediate surroundings. 
Integrate	functions	to	generate	form	
Most species integrate performance and adapt to their environment. The Biomimicry 
Theoretical Model and the Biomimicry Theoretical Framework provide a test for this 
proposition. In nature, the appearance of a form mainly reflects the functions it has to perform 
and, in most instances, these are well integrated. A species that is indigenous to one ecosystem 
may find it hard to survive in another, but it may also have the ability to adjust such features as 
thickness, colour, pattern and even shape, although it may not be able to change its global 
(genetic) form. 
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Be	flexible	
Diversity is related to resilience. This suggests that natural forms, systems and processes need to 
have the flexibility to adjust to various conditions conducive to life. Flexibility in design is 
advantageous in terms of spatial planning, design of the massing and envelope. 
Creatively	generate	space	and	components	
Physical elements of natural forms and spaces are composed with a particular purpose. 
Similarly, architectural design can synthesise two spaces in order to generate a third. Not every 
space element and or system needs to be deliberately designed but can be created indirectly. For 
example, the centre of a flower is created by the circular formation of its petals; that is, it is 
generated by the arrangement of something else. 
Understand	ecosystem	interdependence	and	fit	
Ecosystems create conditions in which systems adapt and evolve at different levels in ways that 
are favourable to sustain life. In a rainforest for example trees compete with each other to gain 
sunlight and as a result there are different types of canopies. At each level of the canopy 
structure the ecosystem interdependences vary according to the amount of sunlight, air, wind 
rainfall, humidity and temperature. This for example results in the ground cover being less 
dense in a rain forest due to limited sunlight. 
Create	diversity	
Ecosystems are diverse in components, relationships and information. As systems theory 
proposes, the relationships are complex and operate in various hierarchies. Natural habitats that 
are made up of interdependent supportive and competitive relationships tend to be self-
organising, and maintain variety. Ecosystems create situations beneficial to sustaining life. In 
terms of architecture this involves in designing buildings to create places of diversity by adding 
variety. 
Create	a	unique	built	form	
Each building design may be unique to a particular place and its functional needs. In nature the 
integration of function and adaptation to the environment produces a unique form and shape. It 
follows that the same building design should not be reconstructed in a different environment. 
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Connect	every	part	to	the	whole	
In natural systems and individual organisms, each element is proportionally connected to the 
others and each has a relationship to the whole. Each part of a flower, for instance, is 
proportionate to the others as well as to the whole flower. Many proportioning systems that take 
nature as an example have emerged from this principle. These include the ‘Vitruvian System’, 
the ‘Golden Section’, the ‘Fibonacci Series’, ‘Le Modular’ and the Japanese ‘Ken’. The theory 
of emergent phenomena, seeks to explain how complex individual interactions in natural 
systems give rise to astonishing ordered behaviour. For example the flocking behaviour of birds 
emerges from the need of individual birds to avoid collision while staying close to each other. It 
is a holistic view because the actions of each bird affects its neighbours and vice versa. 
Summary	
This chapter has discussed a ‘biomimicry thinking’ in terms of analogical translations and used 
these insights to develop an ecological model (Biomimicry Theoretical Model) and theoretical 
framework (Biomimicry Theoretical Framework) for design thinking appropriate to 
architectural eco design practice. The Biomimicry Theoretical Model and the Biomimicry 
Theoretical Framework were developed through a comparative analysis of four analogical 
translations: Bio-TRIZ, Design Spiral, Typological Analysis and Nature Studies Analysis. 
‘Biomimicry thinking’ can contribute to the theoretical development of a Biomimicry Approach 
and can be applied to the goals of ecologically sustainable design in architectural practice. This 
thinking process involves analysing how organisms in a healthy habitat survive through 
adaptation and integration with living and non-living elements of the environment. The 
Biomimicry Theoretical Framework proposes two ways of emulating nature―the specific 
mimicking approach, which involves mimicking organisms and natural systems; and the general 
mimicking approach, which identifies the phases of naturally occurring adaptation and 
integration strategies as design processes in built systems. This framework was tested for 
practical application in the design of the Eco house. This process also helped to identify a set of 
‘design propositions’ along with ‘biomimicry principles’ appropriate for architectural eco 
design practice. 
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Figure 3.22: Relationship between literature review and theoretical enhancement 
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Although, this model and framework help address three of the identified barriers to the practice 
of ecologically sustainable design including the inconsistent language of sustainability, the lack 
of understanding of ecological integration, and the lack of conceptualisation of the design 
process, to a certain extent theoretically it needs to be further supported with empirical 
confirmation. Figure 3.22 summarises these principles and shows how the literature review of 
both ESD and Biomimicry (Chapters 1 and 2) help develop a theoretical enhancement for 
architectural eco design practice. The Biomimicry Theoretical Model, The Biomimicry 
Theoretical Framework and the ‘design propositions’ were used to develop the research 
methodology that is explained fully in the following chapter (Chapter 4). 
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Chapter	4:		
Research	Design	and	Methods	
This chapter describes the methodology used in the study. It explains the post-positivist 
epistemological framework that informed a mixed method, correlational, project-based 
approach to examine how eco practitioners perceive the efficacy of a Biomimicry Approach in 
architectural eco design practice. It explains how the four main research questions were 
addressed using both quantitative and qualitative data collection and analysis techniques. The 
primary method of data collection was an online practice survey of a stratified random sample 
of eco practitioners (architects and non-architects). The chapter describes the sampling strategy 
and recruitment process and explains how the constructs and its variables employed in the 
questionnaire were developed. It also explains how the findings were compared with those from 
10 semi-structured interviews with selected eco practitioners for validation purposes. Finally, 
the chapter explains the processes that were employed to establish the overall trustworthiness of 
the study and discusses the main ethical considerations. 
Research	Design	
The study design was based on an exploratory type approach, and a post-positivist epistemology 
framework, which assumes that there is an objective reality that can be both measured and 
experienced. At the same time, post-positivism acknowledges that the researcher’s view is 
shaped by her/his own cultural experiences, world views and perceptions (Trochim & Donnelly, 
2007). In this type of inquiry, the methodological procedure of the natural sciences is applied to 
the social sciences on the assumption that science provides the appropriate techniques for 
analysing and interpreting data (Cohen, Manion & Morrison, 2000). An interpretive approach to 
inquiry tends to be more exploratory in nature and to rely on qualitative data collection and 
analysis techniques, while a positivist approach is mainly associated with quantitative research 
methods (Wildemuth 1993). Post-positivist inquiries, however, often combine both types of 
methods to overcome the perceived limitations of each. In practice, this does not mean that each 
research question is addressed by both approaches concurrently. Rather, each approach is used 
to address one or more specific research questions to contribute to the overall understanding of a 
general research problem. 
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A mixed methods research design “involves collecting, analysing, and interpreting quantitative 
and qualitative data in a single study or in a series of studies that investigate the same 
underlying phenomenon” (Leech & Onwuegbuzie, 2009, p. 1). While there is no generally 
accepted single model of a mixed methods research design, it can be represented in a three 
dimensional typology based on level of mixing (partial or full); time orientation (concurrent 
versus sequential), and emphasis given to each approach (equal status versus dominant status) 
(Leech & Onwuegbuzie, 2009). In these terms, the present study can be described as one that 
involves partial mixing (of quantitative and qualitative approaches), sequential time orientation 
and dominant status for the quantitative approach. Although both deductive and inductive 
reasoning have been employed to generate new knowledge, deductive reasoning is the main 
approach. Deductive reasoning is used to test a theory, while inductive reasoning involves a 
theory building process (Hyde, 2000). The post-positivist view is that the method to be applied 
in a particular context should be selected according to the nature of the research question that is 
being addressed (Wildemuth 1993). 
The research approach was inspired by the theory–practice circle model (Mawhinney, 2002, p. 
156) which proposes that theory informs practice and practice in turn informs theory. The 
present study asks eco-design practitioners to self-report their concepts and modes of use of a 
Biomimicry Approach within the suite of architectural eco-design practices. The links between 
theoretical knowledge and practice are examined through a correlational relationship study 
(Groat & Wang, 2002) that is also project based. 
In this study, the mixed methods design comprised an online practice survey followed by in-
depth project-based interviews with eco practitioners and analysis of project documentation. 
The practice survey is considered the primary method and contains items to collect both 
structured (quantitative) and unstructured (qualitative) data. A variety of measurement types 
(Likert-type, ratio and nominal scales) were included. The primary research tool was the survey, 
which collected quantitative data and used statistical forms of analysis. The main techniques of 
statistical analysis were descriptive statistics and multivariate statistical analysis employed as 
relevant to specific items. They include exploratory factor analysis, standard multiple 
regression, ANOVA, t-test and f-test. Responses to the open-ended items in the questionnaire 
were analysed using techniques of qualitative content analysis such as word frequency, text 
search and matrix coding to support relational analysis. The qualitative findings (responses to 
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open-ended questionnaire items and interview transcripts) were only used to support and 
validate the findings from the primary data collection technique and to provide suggestions for 
future research. Figure 4.1 shows the overall research design, phases of data collection and 
methods used to analyse data. 
Phase 1: Practice Survey (online questionnaire) →research findings 
Phase 2: Interviews (project-based) → validate the research findings and identify possibilities 
for future research.  
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Research design 
Research	Aim	and	Questions		
The broad aim of this study was to explore what constitutes a Biomimicry Approach in current 
eco design practice in architecture and to shed light on how this approach can be employed to 
address some of the identified barriers to ecologically sustainable design. As previously 
explained, there are different views of biomimicry and its role in enhancing ecologically 
sustainable design. Yet little is known about the perceptions of eco design practitioners 
themselves. In other words, how is biomimicry conceived as a design theory and a design 
procedure and how is it being applied in architectural eco-design practice? 
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Research	Procedure	
A keyword search was employed to identify eco projects worldwide via web links, books, 
journals and magazines, and practice groups of eco-professionals (via LinkedIn). The key words 
included biomimicry, biomimetics, biognosis, bio inspired, eco-design, nature, green, ecological 
sustainability, environmental sustainability, ecomimesis and ecomimicry. This provided an 
overview of the range of nature-based terminologies used in these eco projects and of the eco 
practitioners and organisations involved. This documentary evidence gave a good indication of 
the type of projects, eco practitioners (architects and non-architects) and scale of projects, as 
well as some idea of the conceptual approach, design procedure and final outcome. About 60 
such non-domestic eco projects were identified as using a directly mimicking approach 
(emulating nature), while many others employed an indirectly mimicking approach (natural 
inspirations and principles). This process also provided email contact details for relevant 
practitioners.  
The main inquiry of this research was to examine how eco practitioners perceive the efficacy of 
biomimicry as a design approach in architectural eco design practice. To achieve this, the study 
addressed four main research questions. Each of these questions was translated into specific 
research objectives, as explained below (Table 4.1). 
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Table 4.1: Research questions to methods/analysis 
No Research Questions Techniques & 
Analysis Tools 
 Measurement Type Data Analysis  Requirement for 
Analysis 
Q1 How effective are the ‘constituents’ of a Biomimicry Approach in architectural eco design practice? 
 What are the constituents of a Biomimicry Approach? Literature review Close ended-DS 
Open ended-QCA 
Comparative Analysis of 
biomimicry thinking 
/analogical translations 
 
Ecological 
sustainability/Biomimicry 
definitions/ Biomimicry 
principles 
 What are the theoretical enhancements for a 
Biomimicry Approach? 
1.1 What are the constituents of a Biomimicry Approach 
as perceived by eco-practitioners 
Online questionnaire 
-SPSS version 20 and 
NVivo 9.2 
 
Likert scale-Interval 
QCA 
*DS 
QCA-WF, TS 
A set of continuous 
variables  
1.2  How do these constituents correlate with each other? Likert scale-Interval, Multiple 
choice-ratio, QCA 
*Reliability (C’s Alpha), DS 
QCA-MC 
1.3 Efficacy of the constituents of a biomimicry as a 
design approach perceived by eco practitioners? 
Likert scale-Interval 
QCA 
*DS ,t-test 
QCA-MC  
1.4 What are the socio-demographic characteristics of 
respondents in assessing the overall efficacy of 
Biomimicry Approach 
Multiple choice- ratio, 
QCA 
*FT, ANOVA  One categorical IV 
 
One continuous DV 
1.5 Identify differences between architects and non-
architects in their perceptions of a Biomimicry 
Approach 
*FT, Independent t-t test 
Q2 How effective are the ‘scales’ of a Biomimicry Approach in eco design practice? 
 What are the scales of a Biomimicry Approach Literature review Close ended-DS, MSA 
Open ended-QCA 
Comparative analysis of ESD 
approaches 
ESD principles  
2.1 How is biomimicry perceived with other related 
similar disciplines? 
Online questionnaire  
-SPSS version 20 
and NVivo 9.2 
 
Likert scale-Interval 
 
QCA 
*DS ,EFA  
QCA-WF, TS 
A set of continuous 
variables 
2.2 What are the most important nature related guiding 
tools? 
2.3 How are relevant are the principles in eco practice? 
2.4 How are relevant are the design propositions in eco 
practice? 
2.5 What are the most important designs attributes to 
enhance ecological sustainability? 
2.6 What are the design stages that use most nature’s 
principles and concepts?  
2.7 What are the most relevant physical attributes? 
2.8 What are the most relevant design software to 
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integrate physical attributes? 
2.9 What are the most important design constraints in 
eco practice?  
Q3 What are the ‘components’ of a Biomimicry Approach that correlates most effectively in architectural eco design practice? 
 What are the limitations and barriers of ESD? Literature sources  
 
Close ended-MSA 
Open ended-QCA 
Comparative analysis  
Models, principles, ecosystem 
theories 
ESD principles/ 
Biomimicry principles  What are the design propositions of a Biomimicry 
Approach 
3.1 How reliable are the identified components of 
Biomimicry Approach? 
Online questionnaire 
-SPSS version 20 
and NVivo 9.2 
 
Likert scale -Interval 
Open ended questions-QCA 
 
*EFA, 
*QCA–MC 
Reliability 
Cronbach Alpha 
3.2 
 
What are the components that correlate well? One continuous DV  
Two or more continuous 
IV 3.3 What are the components that do not correlate well? 
3.4 What are the identified distinct components? 
3.5 What are the most significant components identified 
of Biomimicry Approach? 
Q4 What are the most effective ‘predictors’ of a Biomimicry Approach to enhance ecological sustainability in architecture? 
4.1 Which of the variables are the most effective 
predictors to Biomimicry Approach by architects 
Online questionnaire 
-SPSS version 20 
 
Likert scale -Interval 
Open ended questions-QCA 
*SMR 
QCA–MC 
One continuous DV 
Two or more continuous 
IV 4.2 Which of the variables are the most effective 
predictors to Biomimicry Approach by non-architects 
4.3 What are the overall most effective predictors of a 
Biomimicry Approach by both eco practitioners to 
enhance ecological sustainability? 
*DV-Dependent Variable, IV-Independent Variable, DS-Descriptive Statistics, FT-Frequency Table, QCA-Quantitative Content Analysis, WF-Word Frequency, TS-Text 
Search, MC-Matrix Coding, EFA-Exploratory Factor Analysis, SMR-Standard Multiple Regression, MSA-Multivariate Statistical Analysis 
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Q1.	How	effective	are	the	constituents	of	a	Biomimicry	Approach	in	
architectural	eco	design	practice?	
The literature review showed that there is a lack of clarity about the identified ‘constitutes’ of a 
Biomimicry Approach and its applicability to architectural eco design practice. To address this 
question, the study identified five specific sub-questions. These were to: 
1. identify the constituents of a Biomimicry Approach as perceived by eco-
practitioners;  
2. examine how these constituents correlate with each other; 
3. evaluate the efficacy of biomimicry as a design approach as perceived by eco 
practitioners;  
4. examine the relationship between socio demographic characteristics of 
respondents and their assessments of the overall efficacy of a Biomimicry 
Approach; 
5. compare architects’ and non-architects’ perceptions of a Biomimicry Approach; 
The main ‘constituents’ of a Biomimicry Approach were identified in the literature review 
(Chapter 2): nature as ‘concept’ (model, mentor and measure); nature as ‘procedure’ (directly 
mimicking and indirectly mimicking approach); and ‘application’ (form, process and ecosystem 
level). Data relevant to these five sub-questions were analysed sequentially: quantitative 
analysis (using descriptive statistics) supported by qualitative analysis of the open-ended items 
(using word frequency, text search, matrix coding) and further validated by the project-based 
interviews. 
Q2.	How	effective	are	the	identified	scales	of	a	Biomimicry	
Approach	in	architectural	eco	design	practice?		
A variety of ‘scales’ (independent constructs) relevant to architectural eco design practice was 
identified through the literature review (Chapters 1, and 3). In order to identify how eco 
practitioners perceive the ‘scales’, the research investigated: 
1. the relationship between biomimicry and other related disciplines; 
2. the most important nature-related guiding tools; 
3. the relevance of these design principles to eco practice; 
4. the relevance of the design propositions to eco design practice; 
5. the most important design attributes to enhance ecological sustainability; 
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6. the most important design stages in which to integrate nature’s principles and 
concepts; 
7. the most relevant physical attributes in eco design practice; 
8. the most appropriate design software for integrating physical attributes; 
9. the most important design constraints in eco practice. 
Data relevant to these sub-questions were analysed sequentially: quantitative 
analysis-descriptive statistics, frequency tables supplemented by qualitative analysis of open-
ended items and validated by interviews-project-based. 
Q3.	What	are	the	components	of	a	Biomimicry	Approach	that	
correlates	most	effectively	in	architectural	eco	design	practice?		
Exploratory factor analysis identified variables that correlated well within the ‘scales’. These 
were identified as ‘components’ of a Biomimicry Approach. The names given to these 
‘components’ were derived from the literature review and were expressed as specific research 
sub-questions, namely, to identify: 
1. reliability of the identified components of a Biomimicry Approach; 
2. the components that correlate well; 
3. the components that do not correlate well; 
4. the distinct mono-dimensional scales; 
5. the most significant components of a Biomimicry Approach. 
These five sub-questions were addressed sequentially through statistical analysis of quantitative 
data (exploratory factor analysis). Then the qualitative (open-ended) data were analysed to 
identify participants’ attitudes towards the use of these ‘components’ of a Biomimicry 
Approach, any suggestions they might have for future research and their views on any other 
aspect of a Biomimicry Approach. These were further validated by project-based interviews. 
Q4.	What	are	the	most	effective	predictors	of	a	Biomimicry	
Approach	to	enhance	ecological	sustainability	in	architecture?	
In order to identify the most relevant contributing ‘components’ of a Biomimicry Approach, all 
the ‘constituents’ (dependent constructs) and ‘scales’ (independent constructs) of a Biomimicry 
Approach were combined with all identified factorial ‘components’ of a Biomimicry Approach 
and their relationships with each other were examined. The specific sub-questions here were to 
identify: 
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1. the components and variables that are the most effective predictors of a 
Biomimicry Approach among architects; 
2. the components and variables that are the most effective predictors of a 
Biomimicry Approach among non-architects; 
3. the most effective overall predictors of a Biomimicry Approach among both 
groups of eco practitioners to enhance ecological sustainability in architecture. 
These three sub-questions were addressed sequentially through quantitative analysis (standard 
multiple regression, t test & ANOVA), supplemented by qualitative analysis (as above) of open 
ended questions and validated by interviews-project based. 
Answers to the four main research questions will provide previously unavailable information 
about how eco practitioners perceive the nature and efficacy of a Biomimicry Approach. The 
overall purpose of the study is to identify how biomimicry might contribute to enhancing 
ecological sustainability in architectural practice. It is anticipated that the findings will help to 
overcome some of the barriers (Chapter 1) to enhancing ecological sustainability in architecture. 
Thus the study also seeks to make a practical contribution in addition to the theoretical 
enhancement provided by the Biomimicry Theoretical Model and Biomimicry Theoretical 
Framework (Chapter 3). 
Pilot	Studies	
As previously mentioned, many of the ideas that informed the study’s methodology were 
developed in the experimental design of the Eco house. This identified key issues in the 
application of theory to practice identified from the literature review which, in turn, helped to 
structure the survey questions and subsequently determine the constructs and variables. 
Pilot studies were used to assess the overall trustworthiness, validity and reliability of the two 
main data collection techniques. An initial version of the practice survey was sent to four 
randomly selected eco practitioners, and two in-depth interviews were conducted. The findings 
from each study helped to refine the questionnaire format and interview questions and suggested 
some modifications to the proposed data analysis techniques. The pilot studies also showed that 
data collection could feasibly take place in two phases rather than the three phases that were 
originally planned. They further helped to prioritise the research techniques: phase one (survey) 
as the main method of collecting data and phase two (project-based interviews) for validation. 
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Sampling	and	Recruitment	
The target population (Walonick, 2010b) was eco-practitioners (design professionals connected 
to the building construction field) with particular focus on architects and non-architects 
explicitly architectural engineers, engineers, project managers, biomimicry facilitators, design 
educators, interior and landscape designers. Potential participants for phase one (survey) 
comprised members of the professional design teams involved in each of the identified projects. 
A random-stratified sampling procedure was employed to produce an expected sample size of 
100-125 eco-practitioners. 
The intention was to obtain a variety of views about the applicability of a Biomimicry Approach 
in architectural eco design practice by ensuring that the sample represented the following 
variables: country and climate (developed-developing, eastern-western, tropical-temperate) and 
socio-demographic differences (gender, profession, age, professional experience). The author 
first identified the strata (characteristics of a Biomimicry Approach in eco projects) and their 
proportions (type, level, scale) as they are represented in the population. In this instance, strata 
were filled by random sampling (Walonick, 2010b).The questionnaire was emailed to 704 
selected eco-practitioners via a University of Sydney web management system. The 
questionnaire was prefaced by a letter of invitation to participate and background information 
about the project (Appendix C1 and C2). The web management system allowed responses to be 
tracked (opened, unopened, returned, opened via iPhone) to calculate the response rate. 
In phase 2, thirteen building projects were identified which met the criteria of incorporating a 
Biomimicry Approach (theory, procedure and/or application). The characteristics identified in 
selecting these projects were mainly based on ecologically sustainable design and biomimicry 
features identified from the literature review. The organisations were approached to obtain 
approval for one of their employees to participate in the study. If approval was given, potential 
participants were invited to take part in an interview if they were willing to do so. Selections of 
participants for the project-based interviews were based on non-probability quota sampling and 
reflected the nature of their involvement in the building projects (Table 4.2). 
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Table 4.2: Eco-practitioners (architects) selected for interview 
N
o. 
Interviewees Projects designed by the organization 
1 Interviewee MP 
 
Figure 4.2: Kandalama Hotel, 
Sri Lanka (Uniqhotels, 2013) 
2 Interviewee CD 
3 Interviewee SJ  
4 Interviewee IS  
 
Figure 4.3: Brandix Casualwear 
Factory, Seeduwa, Sri Lanka 
(Building AM 2013) 
5 Interviewee SL 
 
Figure 4.4: MAS Clothing Factory, 
Thulhiriya, Sri Lanka (Access Solar  
2014 ) 
6 Interviewee SG 
 
Figure 4.5: Bundala Visitor Center, 
Bundala National Park, Hambantota, 
Sri Lanka (Miracale Island, 2012) 
7 Interviewee  
UR  
 
Figure 4 6: Nikini Automation 
Office, Colombo, Sri Lanka 
(Kumara 2009) 
9 Interviewee SC 
 
Figure 4 7: New Town Station, 
Sydney, Australia (Illumni 2013) 
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8 Interviewee LC 
 
Figure 4.8: Boulder Garden Resort 
Hotel, Kalawana, Sri Lanka (Exotic 
Voyages 2013) 
 
Figure 4.9: Bandar Seri Begawan 
Development ,Brunei (WT 
Partnership, 2014) 
 
Figure 4.10: King Abdulla 
University of Science and 
Technology, Saudi Arabia (Kolleeny 
2010) 
 
Figure 4.11: Lavasa Township, 
Pune, India (HOK., 2014) 
10 Interviewee SB 
 
Figure 4.12: Surry Hills Library and 
Community Centre, NSW, Australia 
(Collins 2008-2014.) 
 
Figure 4.13: Macquarie University 
Library Building, North Ryde, 
NSW, Australia (Fjmt 2003–2014) 
1 Interviewee MJ 
 
Figure 4.14: Clear point residencies, 
Rajagiriya, Sri Lanka (Foster 2014) 
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The strata and their proportions in the population were identified and convenience or judgment 
sampling was used to select the number of subjects from each stratum (Walonick, 2010a). A 
manageable number of 10 interviewees were identified in this way. A mix characteristic of both 
directly and indirectly mimicking eco design projects accessible to the researcher was initially 
prioritised and then the principle architect or the project architect was interviewed (Appendix 
F). The projects identified were all non-domestic, and included: Kandalama Hotel, Brandix 
Apparel Factory, MAS Clothing Factory, Bundala Visitor Centre, Nikini Automation Office 
Building, Lavasa Township, King Abdulla University of Science and Technology, Boulder 
Garden Resort Hotel, Brunai Master Plan, New Town Station, Surry hills Library and 
community Centre, Macquarie University Library Building and Clearpoint Residencies. 
For practical purposes―notably time constraints and accessibility―the interviews were limited 
to Australia and Sri-Lanka. Although the interviewees all resided either in Australia or Sri 
Lanka, the projects they discussed covered a range of climatic, geographical and even cultural 
differences in countries such as India, Brunei, Saudi Arabia, Sri-Lanka and Australia. 
Materials	and	Methods:	Survey	
The questionnaire was designed to collect information on how eco practitioners perceive the 
concept of biomimicry as a design approach in eco design practice in architecture. Figure 4.15 
shows how the systematic procedure of the theoretical enhancement achieved from the literature 
review aided to structure the research questions which in turn identified the main constructs 
such as independent, dependent, moderate and its variables. 
Constructs	and	Variables	
In survey research, a construct is an aspect of the problem being studied, which is not directly 
measurable. A construct can be a set of independent variables (scales), dependent variables 
(constituents) or a moderator variable (categorical) depending on what is being researched. The 
selection of constructs and variables for this study was guided by the findings of the literature 
review on ecologically sustainable design (Chapter 1), biomimicry (Chapter 2) and theoretical 
enhancement (Chapter 3).They were well-defined and clearly identified what is being measured. 
Since this research is based primarily on a correlational approach, it aims to describe the 
interaction between or among a set of independent or dependent variables or both (Figure 4.15). 
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Figure 4.15: Research questions and developments of constructs 
Dependent	constructs:	constituents	
Dependent constructs are affected by independent and moderator constructs, incorporating the 
dependent constructs within them. How do eco-practitioners perceive the overall efficacy of a 
Biomimicry Approach in eco design practice? What are the overall most effective predictors of 
a Biomimicry Approach to enhance ecological sustainability in architecture? The dependent 
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constructs include variables identified as ‘constituents’ of a Biomimicry Approach, consults 
nature as a concept, procedure and application. The dependent variable is the phenomenon one 
is attempting to explain or predict and is referred to as the outcome or criterion variable. In a 
survey, this is often the variable or construct of primary interest to the researcher. In non-
experimental research, this is often the starting point in planning a study. Here the dependent 
constructs-‘constituents’ of a Biomimicry Approach-consist of eight variables. Nature as a 
concept involves items: using nature as model, measure and mentor. While the construct nature 
as a procedure: involves items directly mimicking and indirectly mimicking. The construct 
nature as an application involves items: nature applied at a form, process and ecosystem level. 
The dependent constructs are also considered as the ‘constituents’ of a Biomimicry Approach. 
In this study, a Biomimicry Approach is identified by combining all eight variables under 
‘concept’, ‘procedure’ and ‘application’ to identify how best contribute to overall efficacy of a 
Biomimicry Approach in architectural eco design practice. 
Independent	constructs:	scales	
The independent constructs contributing to a Biomimicry Approach in eco design practice were 
identified from the literature review. The identified continuous variables were classified into 
nine main ‘scales’: ‘Design disciplines’ (8 items); ‘Guiding tools’ (12 items); ‘Design stages’ (6 
items); ‘Design principles’ (12 items); ‘Design software’ (8 items); ‘Design attributes’ (12 
items); ‘Physical attributes’ (7 items); ‘Design propositions’ (14 items); and ‘Design 
constraints’ (9 items). Each of the independent constructs (scales) had their respective variables 
listed. This gave a total of 88 continuous variables (items) that could capture eco practitioners’ 
perceptions of a Biomimicry Approach in architectural eco design practice. All items described 
under nine independent constructs are considered as independent variables. Where no variables 
are manipulated, independent variables are used to explain or predict the dependent variables. 
The independent constructs are also referred to as ‘scales’ in multivariate statistical analysis. 
Moderator	constructs:	categorical	variables	
The role of the moderator construct is to modify independent constructs to control a dependent 
construct. The ‘socio demographic’ characteristics of respondents are considered as the 
moderator constructs in this study. A moderator construct influences the strength of the 
relationship between the independent variable and the dependent variable. How do eco-
practitioners perceive the overall efficacy of a Biomimicry Approach in achieving ecological 
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sustainability in architecture? Which of the variables are the most effective predictors that 
contribute to a Biomimicry Approach among architects? Which of the variables are the most 
effective predictors that contribute to a Biomimicry Approach among non-architects? Usually, 
moderator constructs are of secondary interest and are considered as interacting with the 
independent constructs. The moderator variables in this study are the socio-demographic 
characteristics of respondents. Although data were obtained on five categories (profession, 
gender, age group, professional experience and country), only the category profession (architect 
or non-architect in the field of building construction) was included in the analysis of the present 
study, but the others were noted as information to validate the sample. 
These constructs informed the design of the questionnaire. 
Questionnaire	Design		
Survey research is the most appropriate methodology for collecting generalisable information 
from a broad representative sample of respondents (Mridha & Moore, 2011). The questionnaire 
was designed to reflect the type of respondent, the expected sample size and how the resulting 
data were to be analysed (De Vaus, 2002; Pallant, 2011). The choice of question type, response 
format and scale reflected the type of statistical technique that would be employed in the 
analysis (De Vaus, 2002; DeVellis, 2003; Kline, 2005). 
As the primary research technique, the practice survey instrument was designed to collect 
information on a Biomimicry Approach of the important constructs and variables identified 
from the literature review. The design of the questionnaire complied with recommended 
practice (De Vaus, 2002; DeVellis, 2003; Kline, 2005). The survey was prepared using 
SurveyMonkey; an online survey software and questionnaire tool (SurveyMonkey, 2011). A 
variety of advanced features was incorporated to enhance the clarity, appearance and 
navigability of the questionnaire. These included page and question numbering, The University 
of Sydney logo, progress bar settings, page titles and navigation button. The software also 
provided special features for data collection and editing, including the ability to download data 
directly to Excel, PDF and SPSS (Statistical Package for the Social Sciences). 
The design of the practice survey was based on the research inquiry model (Figure 4.16). This 
model helped to structure the main sections and to ensure that the constructs (scales and 
constituents) and their identified variables from the literature review were appropriately located 
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under each section. The design involved three types of questions: scaling, multiple choice and 
open-ended. The majority of questions employed a Likert-type scale rating system of 1-7 (Very 
High to Very Low). The scale for this study was based on recommended principles and 
procedures (DeVellis, 2003; Streiner & Norman, 2008). Ratio measurement was used for 
multiple choice items. 
As previously explained, the literature review on biomimicry and ecologically sustainable 
design helped to identify the dependent, independent and moderator variables (i.e. constituents, 
scales and socio-demographics) respectively. Biomimicry as a design approach helped to 
structure the initial research model. The various schools of thought about biomimicry were 
synthesised (Chapter 2) to identify the main constituents of a Biomimicry Approach as 
‘concept’, ‘procedure’ and ‘application’. The literature on ecologically sustainable design 
helped to identify the relevant ‘scales’ of a Biomimicry Approach. Accordingly, the research 
inquiry model (Figure 4.16) represents four parts: design theory (‘concept’), design process 
(‘procedure’), outcome (‘application’) and ‘socio demographics’. The literature review showed 
that the constructs and their variables identified under these sections were used by most eco 
practitioners and were evident in most ecologically sustainable buildings. 
 
 
 
 
Figure 4.16: Research inquiry model for practice survey 
 
The practice inquiry model was designed to facilitate a quantitative and qualitative approach to 
achieve the research aim of assessing the overall efficacy of a Biomimicry Approach as concept, 
procedure and application and its potential to enhance the applicability of features of ecological 
sustainability in architecture. 
The questionnaire comprised four main sections with 88 items (variables) and 8 identified 
‘constituents’ of a Biomimicry Approach. Eco-practitioners were asked to rate the level of 
importance of a Biomimicry Approach. Most responses were based on a Likert-type scale in 
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which 1 represents very high and 7 represents very low. All items in the Likert-type scales were 
transformed into variables (continuous) and their referents were transformed into constructs 
(constituents or scales). The respondents were asked to elaborate briefly on their opinions and to 
provide additional information via open-ended items. Multiple choice and open-ended responses 
were included to cross-validate the overall efficacy of a Biomimicry Approach. This framework 
supports the correlational approach. The four main sections of the questionnaire were 
(Appendix C2): 
1. Understanding characteristics of nature as a design theory 
2. Understanding characteristics of nature as a design process 
3. Understanding the characteristics of nature as a design outcome 
4. Socio-demographic characteristics of participants. 
Understanding	characteristics	of	nature	as	a	design	theory‐	Part	1	
This section addresses ‘concept’ (perceptions and attitudes in relation to nature as a design 
theory) and comprises six questions (four scales, one multiple choice and one open-ended). Its 
main focus is on the dependent constructs-‘constituents’ (Sq4), ‘concept’ (Sq2), ‘procedure’ 
(Sq5) and ‘application’ (Sq3) of a Biomimicry Approach; although it includes one independent 
construct, discipline (Sq1). 
Sq1. How familiar are the following disciplines to you? 
The following ‘design disciplines’ based on nature were listed: biomimicry (bioimetics, bionics, 
bio-inspired), ecomimicry (ecomimesis, ecosystem biomimicry), biophilia, industrial ecology, 
construction ecology, regenerative design, urban ecology and nanotechnology. Eight of these 
required a response using a Likert-type rating scale from 1, very familiar, to 7, not familiar. 
Sq2. How important are the following as a concept generator to design? 
The following were listed: taking nature as a model (creatively emulating its elements, systems 
or an ecosystem); taking nature as a measure (ecological standard to judge the sustainability of 
an innovation); and viewing and valuing nature as a mentor (source of ideas that can be taken as 
lessons in creation). Importance was rated on a Likert-type scale from 1, very important, to 7, 
not important. 
Sq3. How important is emulating nature at the following levels of application to design? 
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Three levels of application were identified: form (taking natural form as an inspiration for 
appearance); process (taking natural processes as an inspiration for performance); and 
ecosystem (taking an ecosystem as an inspiration for holistic connection). On a Likert-type scale 
1, indicated very important, and 7, not important. 
Sq4. In what way do you use nature as a guide to design? 
This was a multiple choice question with the following possible responses: using nature as a 
concept generator, design procedure and/or design outcome. An open-ended item was also 
included for respondents to identify any other ways in which they used nature as a design guide. 
Sq5. To what extent are the following approaches used in your practice? 
Two nature based mimicking design strategies were listed: directly from an organism or a 
natural system; and indirectly by abstracting principles from natural design. Level of use was 
rated via a Likert-type scale from 1, always and 7, not at all. 
Sq6. If you have a different nature based approach to the above to conceptualise design please 
comment. 
This final open-ended question gave opportunity for respondents to communicate ideas or 
experiences about other nature based methods. 
Understanding	characteristics	of	Nature	as	a	design	process‐	Part	2	
This section addresses ‘procedure’ through four questions (Sq7, Sq8, Sq9 and Sq10). Its sole 
focus was on independent constructs: ‘guiding tools’, ‘design stages’, ‘principles’ and 
‘software’. 
Sq7. How important are the following guiding tools to increase efficiency and effectiveness in 
design? 
The purpose here was to capture the views of eco practitioners about the importance of certain 
tools used in the design process to promote the efficiency and effectiveness of ecologically 
sustainable design. These include a cluster of nature based concepts, principles, analogical 
translation systems and green accessing methods such as Biomimicry Principles, Design Spiral 
(DS), Hannover Principles, Living Building Challenge (LBC), Bio TRIZ, Sustainable Principles, 
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Bioclimatic Principles, Olgyay’s bioclimatic model, Green rating systems, Green principles, 
Cradle to Cradle (C2C), and Ecological design. A Likert-type scale rated the relevance of these 
tools to eco practitioners and ranked each item from 1, very important, to 7, not important. 
Sq8. How relevant are the use of nature’s principles and concepts at each of the following 
stages? 
This required respondents to rate the relevance of nature based principles and concepts at each 
of the five established ‘stages’ of the design process. The identified stages were: preliminary 
planning, concept development, schematic development, detailed development and contract 
administration. The importance of each stage was rated on a Likert-type scale from 1, very 
relevant, to 7, not relevant. 
Sq9. How relevant are the following principles to design? 
Benyus’s twelve ‘Biomimicry Principles’ were itemised without specific reference to the term 
biomimicry to avoid questionnaire bias. These were: use energy and materials sparingly as a 
resource; bank on diversity to fill every niche; optimise the system rather than maximise 
components, self –assembly, from the ground up; life to create conditions conducive to life; run 
on sunlight-solar transformation; fit form to function; recycle everything; reward cooperation; 
draw on local expertise; curb excess from within; waste = food; and tap power of limits. The 
importance of each principle was rated via a Likert-type scale from 1, very relevant, to 7, not 
relevant.  
Sq10. How important is the following software in helping to integrate physical attributes of 
form, space and fabric effectively when designing? 
A variety of ‘design software’ is available for use in architectural design. The identified 
software programs to assist integrate physical attributes were: auto-cad, eco-tect, design builder, 
building information modelling, sketch-up, 3d-Max, digital L-system and digital X-frog. A 
Likert-type scale rated these from 1, very important, to 7, not important. An open-ended item 
(other) allowed participants to provide additional information and comments. 
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Understanding	the	characteristics	of	Nature	as	a	design	outcome‐	
Part	3	
This part addressed ‘application’ by eliciting respondents’ views about the role of nature in 
influencing physical attributes of the built form. Four independent constructs are identified: 
‘design attributes’; ‘physical attributes’; ‘propositions’; and ‘constraints’ (Sq11, Sq12, Sq13, 
and Sq14 respectively). 
Sq11. To what extent has nature as an approach being responsible in determining the following 
design attributes to enhance ecological sustainability? 
This item captured practitioners’ views about the contribution of certain nature-based design 
attributes to ecological sustainability. These ‘design attributes’ were: orientation; reuse and 
recycling of materials; reducing the foot print; understanding system integration (fabric, 
structure, services, materials); selecting materials; selecting service technologies; selecting an 
envelope design system; use of natural day light; use of natural ventilation; thermal comfort 
using natural systems; understanding concepts of green aesthetics of design; and providing 
enjoyable views and vistas (make nature visible). Likert scaling was used to rank each item from 
1, very responsible, to 7, not responsible. 
Sq12. How important is using nature as an approach in determining the following physical 
attributes? 
This item addressed the use of nature as an approach to determine the following ‘physical 
attributes’: volume and mass; form and shape; spatial layout; components or elements; 
structural system; selection of materials and service technologies. A Likert scale ranked each 
attribute from 1, very important, to 7, not important. 
Sq13. To what extent have the following propositions helped in the final design outcome? 
Fourteen ‘design propositions’ were identified from the literature review and the Eco house 
experiment: reduce over designing; eliminate wasted space; spaces to be integrated not 
segregated; every space component to have multiple functions; fabric adapts to climate; use of 
multi-functional materials and technologies; form shapes as per environmental constraints; 
integration of functions generates the synthesis of form; flexibility in design; every space and 
component need not be designed but generated; understand the ecosystem balance and fit in 
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terms of site and environment; create diversity by creating places of variety; create a built form 
of its own character (robust); and  every part to be connected to the whole. A Likert-type scale 
rated each proposition from 1, very high, to 7, very low. 
Sq14. To what extent have the following constraints affected the final design outcome using 
nature as a design approach? 
From documentary evidence and the author’s own experience in the practice of ecologically 
sustainable design, nine ‘constraints’ were identified on the use of nature as a design approach: 
difficulty in educating and convincing the client; financial considerations; difficulty in 
incorporating regulations; lack of cooperation among the design team (other consultants); 
difficulty in project coordination; negative social stereotypes and attitudes; lack of aesthetic 
appeal of available eco technologies; time demands; and lack of cultural significance. These 
constraints were ranked by a Likert-type scale from 1, very high, to 7, very low. An open ended 
item (Other) was included. 
Sq15. Your comments/additional information, if any. 
This open-ended item sought additional, unstructured input from participants. 
Socio	demographic	characteristics	of	participants‐	Part	4	
Three items (Sq16, Sq17 and Sq18) were designed to increase the trustworthiness (internal and 
external validity) of the findings. The moderator constructs (gender, profession, professional 
experience, age and country) were incorporated into the analysis. 
Sq16. Please indicate your personal details. 
Under profession, respondents could choose from the following list: architect; architectural 
engineer; biomimicry facilitator; design educator; environmental consultant; industrial 
designer; interior designer; landscape designer or other. 
Sq17. Do you require feedback on this research study? 
This was included as an indicator of the participant’s interest in knowing the outcome of the 
study and, by implication, her/his level of interest in the topic. The response choice was a 
simple yes or no. 
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Sq18. Please indicate your contact details. 
This included respondent’s name, company/institution, state/province, country and email 
address. It is a useful section to add credibility to the entire study because it allows for member 
checking and cross- validation of the written information. 
Twelve scales and a total of 96 items were produced. The Likert-type scale consists of seven 
ratings from very high to very low (Appendix C1 and C2). It is a single-dimensional scale that 
associates qualitative constructs with quantitative metric units. Part of the measurement involves 
construction of a multiple-indicator instrument to assess the intensity of respondents’ feelings 
about a particular issue (Bryman, 2004). 
A nominal scale is used to place data into categories, without any order or structure. In Sq16, for 
example, the designated groups were profession, age, gender, professional experience and 
country. A ratio scale represents a true zero point and is used for multiple choice questions (Sq4 
and Sq17). This practice survey employed two types of measurements (Likert-type scaling-
interval and ratio-nominal) which were used occasionally for additional checking to enhance 
credibility. 
Materials	and	Methods:	Interviews	
The interviews were semi-structured around broad topic areas (Appendix C3) and were audio-
recorded via an Mp3 recording device. They were subsequently transcribed in full. 
The interviews were conducted in participants’ offices. They were conducted by the researcher, 
who is an eco-practitioner-architect and is familiar with the research context. Although the 
interviews were scheduled to last 30 minutes, most participants chose to extend them to 45-50 
minutes. Although the interviews were semi-structured around broad topic areas of relevance to 
eco design practice, participants were free to respond in any way they wished and most talked at 
length about their knowledge, trends and experiences in designing buildings. 
The broad topic areas concerned their main concerns in relation to environmentally conscious 
design and the way they used nature as a design guide in their eco design practice. Most drew 
on their own experience, using particular buildings they or their firm had designed as 
illustration. Some explained how the incorporation of natural strategies was reflected in the final 
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design outcome in terms of physical attributes such as form, space, element and envelope. They 
also commented on difficulties they had encountered in incorporating eco design in practice and 
provided some valuable suggestions for future research. 
Data	Analysis	
Data analysis involved both quantitative and qualitative techniques. Such an approach 
strengthens research findings by compensating for the perceived limitations of one type of 
analysis with the strengths of another. 
Quantitative	Data	Analysis	
Preliminary analysis of the questionnaire data was conducted to screen the raw data before 
proceeding with inferential statistics. This gives a general view of the number of responses for 
each question and section and a broad picture of the responses overall. This analysis describes 
frequencies of variables and variation between variables, and applies statistical tests to calculate 
the significance of key findings (Hancock, Ockleford & Windridge, 2009). 
Descriptive	Statistical	Analysis	
Descriptive statistics describe the main features of the data, identify variation or relationships 
and calculate approximate population values (Tabachnick & Fidell, 2007). This technique 
employs measures of central tendency (such as the mean) and measures of variability (standard 
deviation or variance, skewness and kurtosis). It provides techniques for dealing with 
frequencies, missing data and identifying normality. The data were checked and re-checked and 
then the variables were used to check the reliability of the ‘scales’ in each section. The number 
and type of variables to be included are determined by the liability. An important consideration 
is the power of the analysis to produce statistical significance. This is the most important 
decision-making stage, in which the data are examined and the most appropriate statistical 
analysis technique is selected to best address the specific research questions. 
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Multivariate	Statistical	Techniques	
Multivariate statistical methods were used to describe and test associations between variables. 
They included factor analysis and multiple regression analysis to explore the relationships 
between several predictor variables and a continuous variable. A t-test was used to examine the 
differences between two groups―architects and non-architects (Pallant, 2011). 
The questionnaire contained 8 dependent variables and 88 continuous variables which needed to 
be correlated with each other. Multivariate statistical methods are most appropriate for this type 
of analysis because they can analyse multiple predictor variables (independent variables) and 
multiple response or outcome variables (dependent variables) simultaneously. The use of 
multivariate statistical techniques helps to limit the overall type 1 error rate to 5%, regardless of 
the number of variables tested (Tabachnick & Fidell, 2007, p. 3). 
The type of measurement and the nature of the correspondence between numbers are important 
considerations in this technique. Most variables in the questionnaire are continuous and are 
measured on a Likert-type scale. Ratio data were obtained from a few multiple choice questions. 
The study sample was randomly selected to represent the population of interest, namely, eco 
practitioners in the field of building construction. As previously explained, a keyword search 
identified buildings, institutes and organisations of relevance to the target population. The need 
for a sample size above 100 was determined by considering the anticipated effect, expected 
mean difference, assessment of the effect, expected variability, accepted alpha level (.05), and 
the power required for factor analysis (.80). 
	Exploratory	factor	analysis	
Factor analysis was used to reveal patterns (correlation clusters) in ‘scales’ and to reduce the 
large set of continuous dependent variables to a manageable number. It identifies the overall 
pattern or structure of variables, which helps to identify thematic clusters of variables (factors), 
where each factor comprises several dependent variables that share similar patterns of responses 
or observations (Groat & Wang, 2002). Exploratory factor analysis was selected because it is 
most suitable for exploring data rather than testing hypotheses or theories (Costello & Osborne, 
2005) and is the most appropriate type of analysis to perform before using multiple regression 
analysis. 
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Standard	multiple	regression	
After the dependent variables are reduced to factors, which are used as independent variables or 
predictors in multiple regression analysis, the predictive ability on one continuous dependent 
measure is examined. This entails describing the strengths and direction among many 
independent variables (predictor variables) with a dependent variable where a measured 
outcome or value is predicted. Standard multiple regression is used because it allows all 
independent variables (predictors) to be entered into the equation simultaneously and can 
evaluate each independent variable’s predictive power above others (Pallant, 2011). This 
indicates the amount of variance that is contributed by each of the predictor variables (Groat & 
Wang, 2002) to determine the overall efficacy of a Biomimicry Approach as perceived by eco 
practitioners (architects and non-architects). 
T‐tests	
The independent samples t-test was used to compare the scores of architects and non-architects. 
This test is for significant difference in the mean scores of each group. Statistically, this tests the 
probability that the two sets of scores come from the same population. 
ANOVA	
The ANOVA test was conducted on both groups of eco-practitioners (architects and non-
architects) to examine whether the predictors indicate a significant value less than .05 
(p<.0005). 
Qualitative	Content	Analysis	
Content analysis is a widely used flexible method of analysing qualitative data. In the present 
study, these data comprised the responses to open-ended questions in the questionnaire, 
transcripts of interviews and written descriptions of building projects. 
There are three approaches to qualitative content analysis: conventional, directed and 
summative (Hsieh & Shannon, 2005). The conventional approach, known as relational analysis, 
is used to explore new themes and codes. The directed approach is used to link themes and 
codes to established theory. The content was analysed to identify patterns in the data, which 
were coded under theoretically informed thematic headings (Braun & Clarke, 2006). According 
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to Hsieh & Shannon, (2005, p. 1286),“[c]reating and adhering to an analytic procedure or a 
coding scheme will increase the trustworthiness or validity of the study”. 
Only the responses to open-ended items in the practice survey were analysed using the 
computer-assisted qualitative data analysis software (CAQDAS) programs. Wordle and NVivo 
9.2 (QSR International, 2011) were used to explore links between the respondents and the data, 
as well as to quantify words to suggest meaning. NVivo 9.2 facilitated identification of both 
weight and meaning of the response text through the use of three analytical tools―word 
frequency, text search and matrix coding. These tools were applied initially to each survey 
question and then to the whole dataset. While Word frequency and text search assisted for 
inductive reasoning (to explore new themes and patterns), Matrix coding helped for deductive 
reasoning (to relate to already established themes or constructs). 
Word	frequency	
Word frequency was counted using the software program Wordle. Initially, this helped to 
identify patterns of most commonly used words under each question. First, the response text 
under each question was read and comments were categorised under architects and non-
architects. All the text was then combined under each group and a word frequency search, using 
both Wordle and NVivo 9.2, was conducted. This was followed by a word count analysis to 
interpret the meaning. 
Text	search	
A text search was then conducted to establish the meaning of all occurrences of the most 
frequently used words. This involved combining all response text to identify connections to 
concepts and phrases. These were coded initially by the researcher and then with the assistance 
of NVivo 9.2, which helped to reveal patterns in various contexts, but failed to identify an 
overall meaning. 
Matrix	coding	
Matrix coding helped find combinations of items coded to explore variety of patterns across the 
data by comparing a set of category against another. The intention was to identify important 
themes related to already established constructs of a Biomimicry Approach. This was 
accomplished by finding all content coded at selected nodes and attributes combining them as a 
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response to the research inquiry. Finding and presenting respondents opinions and attitudes 
thoroughly in relation to already established constructs was the ultimate aim of this analysis. In 
examining, respondents’ demographics helped further increase the trustworthiness of this 
research. 
These analyses assisted only to supplement the primary research findings of the quantitative 
analysis. In this study direct quotations from interview transcripts and documentary evidence 
were taken only to validate the main research findings of the quantitative analysis of the practice 
survey. However, since this inquiry is an exploratory type of research there can be instances that 
confirm and also contradict these findings. The comprehensive literature review mainly 
influenced planning the overall research design. The research inquiry, a Biomimicry Approach 
to architectural eco design practice, led to the understanding that a mixed method approach of 
quantitative and quantitative analysis being the optimal method. The structured-objective nature 
of quantitative analysis and the unstructured-subjective nature of the qualitative analysis could 
yield a virtuous balance negating bias. 
Trustworthiness	
Trustworthiness is established in different ways in quantitative and qualitative research. In this 
study, both quantitative and qualitative methods of data collection were employed, and data 
were analysed in a partially mixed, dominant and sequential manner (Leech & Onwuegbuzie, 
2009). The most important consideration in research is data validation, which ensures that the 
data are accurate and conform to a certain standard. This study employs both types of analysis. 
Table 4.3: Overall trustworthiness of the study (Lincoln & Guba, 1982) 
Standards Quantitative Analysis Qualitative Analysis 
Truth value Internal validity Triangulation, face, 
content, construct, audit 
trail, member checking, 
data reduction, missing 
value analysis 
Credibility Check data with 
interviewees Triangulation 
Applicability External validity/ 
Generalisability 
Stability of the 
instruments 
Transferability Trackability 
Consistency Reliability Reducing measurement 
error, internal 
consistency, test-retest  
audit trail 
Dependability Audit trail 
Neutrality Objectivity Triangulation Confirmability Triangulation 
System of 
inquiry  
Post-positivism, Deductive–Inductive Approach 
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Lincoln and Guba (1982) argue that credibility is one of most important criteria in establishing 
the overall trustworthiness of research findings. This was accomplished in the present study by 
developing early familiarity with the characteristics of the participants and organisations, using 
a stratified random sampling technique and identifying factors that enhance credibility and 
reliability in the initial stage of the design process. Table 4.3 shows the quality measures that 
were employed. Each is discussed in more detail below 
Truth	value:	internal	validity	and	credibility	
There are three main considerations when selecting a sample from a population: persons, places 
and time. In this study, the ability to generalise was enhanced by using different measures 
within the practice survey (rating scales, multiple choice and open-ended questions) and 
different analytic techniques, which increases the internal validity. In other words, triangulation 
was effected within the questionnaire and its principles were used to judge the quality of 
research. Similarly, the interview data were triangulated with documentary evidence for 
validation. Other internal validity strategies included a comprehensive audit trail (data 
reduction, raw data, personal notes and missing value analysis) and member checking of both 
interviewees and questionnaire respondents. 
Applicability:	external	validity	and	transferability	
External validity “refers to the approximate truth of conclusions that involve generalisation” 
(Trochim & Donnelly, 2007). In other words, it is the extent to which the results of a study can 
be generalised to other people, places and times. In the present study, external validity was 
established by identifying contextual constraints within which the results are valid. These 
include the distribution of the sample within the population in relation to socio-demographic 
characteristics, especially country, profession and professional experience. Gender and age 
were considered as secondary factors. 
In qualitative research, transferability refers to the extent to which the conclusions from one 
study can be applied to other settings or circumstances. In this study, the interview sample 
included eco practitioners from developed and developing cultural backgrounds and involved 
discussion of projects in different countries. 
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Consistency:	reliability	and	dependability	
Several techniques were used to increase the reliability of the measurements. Both the survey 
instrument and interview protocol were pilot tested. The data collection was checked 
(SurveyMonkey norms and standards of the respondent collector), and rechecked thoroughly. 
SurveyMonkey helped download the results to Excel and SPSS version 20 and NVivo 9.2, 
which reduced errors of transferring data manually. All data entry using Excel, SPSS version 20 
and NVivo 9.2 was double checked (via data screening and cleaning) and verified. As 
previously noted, a minimum sample size of 100 was required. The study sample size of 102 
therefore provided sufficient statistical power. The entire process of data collection, analysis and 
interpretation was recorded in dated field notes, for both survey and interviews. 
Neutrality:	objectivity	and	confirmability	
As explained above, different data collection and statistical analysis techniques were employed. 
The quantitative findings were confirmed through content analysis of qualitative data and an 
extensive literature review framed the research questions. Thus response bias was avoided 
through replication, use of standard measurement instruments and different methods. 
Finally, overall trustworthiness was maintained by describing the research validity both for 
quantitative approach (internal, external, objectivity, and reliability) and qualitative approach 
(credibility, dependability, transferability and confirmability (Groat & Wang, 2013). 
Validation	through	triangulation	
Methodological triangulation (Denzin, 1970), was selected as the validation approach because it 
is most appropriate for mixed methods research. This refers to the use of different methods to 
cross examine each other to bridge both reliability and validity (Cohen, Manion & Morrison, 
2000). As Trochim and Donnelly (2007, p. 1) have observed, “…the post-positivist emphasises 
the importance of multiple measures and observations, each of which may possess different 
types of error, and the need to use triangulation across these multiple errorful sources to try to 
get a better bead on what's happening in reality”. In the present study, this was accomplished by 
comparing the data from a single eco practitioner who completed the questionnaire, participated 
in an interview and was a design architect in one of the selected projects. In addition to using 
multiple sources of evidence, triangulation benefits from prior development of theoretical 
propositions. 
Chapter	4:	Research	Design	and	Methods	
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture			4‐31	
Limitations	and	opportunities	
The targeted sample of the questionnaire was limited to eco-practitioners having access to 
computers, internet and email access. On the other hand it could be assumed that most 
professional eco practitioners currently having access to internet. There were also some 
technological constraints. The practice survey was sent via an online web master to all 704 
identified eco practitioners. It was found that most had opened their e-mails through iPhones, 
some had not opened them at all, and a few had automatically blocked viewing unfamiliar sites 
for security reasons. The response analytic of the web master indicated only 316 as viewed. 
Overall, 136 responses represented quite a good response rate considering the nature of the 
sample and the technique used. As a response to some comments made by a few respondents 
about the difficulty in answering or understanding some of the survey questions, any future 
survey instrument could be modified using a simpler ‘ecological literacy’ that is more familiar 
to practitioners than theorists. 
The main priority for selecting the interviewees was the author’s acquaintance that the 
interviewees’ projects appeared to contain the integration of ecologically sustainable and 
biomimicry features.  This gave a fair indication of the response bias of the type of research 
techniques used to collect data. The other criteria concerning selecting interviewees were based 
on including, different modes of design thinking and both developing and developed countries. 
Ultimately, the degree of access the author had to potential interviewees determined the final 
makeup of respondents. Although many eco building projects existed, selecting appropriate 
buildings was done taking into consideration some of the identified characteristics of a 
Biomimicry Approach and attempting to include projects designed by interviewees. This 
selection was further scrutinised by complexity and variety pertaining to the type of project, 
climatic/ geographic conditions, and identifying certain eco design characteristics. 
Ethical	Considerations	
Approval to conduct the research was granted by the Human Research Ethics Committee 
(HREC) of The University of Sydney on 21st February, 2012 (Appendix B1). All respondents 
to the questionnaire received a copy of the Participant Information Statement (Appendix B3). 
Completion of the questionnaire was taken as an indicator of consent. Interviewees were also 
provided with a copy of the Participant Information Statement and signed an informed Consent 
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Form (Appendix B2). During the conduct of the practice survey (online questionnaire and 
interviews) certain procedures were adhered to as part of the safety risk management plan 
(Appendix B4). Verbal consent for the use of a recording device was sought before interviewing 
commenced. Participation was entirely voluntary. 
Ethical approval was obtained to identify interviewees provided they consented to this 
information being revealed. All did so. The raw data and other materials used in the study were 
securely stored in a designated room in the Faculty of Architecture. All records (hard and soft 
copies) will be kept for a minimum of seven years and then destroyed by confidential paper 
shredding or electronic erasure. 
A copy of this thesis will be lodged with the library of the University of Sydney for general 
public access. The results will also be disseminated via publication in refereed journals and 
conference presentations. A summary report will be sent to those participants who requested 
feedback on the study’s findings. 
Summary	
This chapter has explained and justified the methodology used in the study and described in 
detail the techniques that were used to collect and analyse quantitative and qualitative data. The 
rationale for employing a mixed methods research design has been presented and the ethical 
aspects of the study have been discussed. It emphasised the fact sequence of mixing these 
methods adopting a well-established three dimensional model. The research method overall 
explained the primary analysis being the statistical analysis, which is being supported by 
qualitative content analysis of the practice survey. Finally, the chapter discussed how interview 
quotations and documentary evidence are to be used only to validate the primary research 
findings. The results from the analysis of quantitative (questionnaire) data are presented in the 
following chapter 5. Chapter 6 presents the analysis of qualitative data (open-ended responses to 
questionnaire items). 
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Chapter	5: 		
Quantitative	Data	Analysis	and	Results:	
Practice	Survey	
This chapter discusses and presents the primary analysis of the quantitative data from the 
practice survey that investigated how eco practitioners perceive biomimicry as a design 
approach in architectural eco design practice. Since this is an exploratory study, descriptive 
statistical analysis was used initially to explore the dataset systematically and then to address 
questions one and two. Exploratory factor analysis and standard multiple regression were then 
used to explore and frame questions three and four. It describes how the data were collected and 
analysed, including the procedures used to assess normality and reliability. 
Data	Collection	
An online invitation to participate in the study was sent to the 704 identified eco-practitioners 
(architects and non-architects). Potential respondents were provided with a Participant 
Information Sheet, a copy of the ethical approval and the SurveyMonkey web link to the 
questionnaire (Appendix C1 and C2). The responses were collected using the SurveyMonkey 
identification tool. Of the total responses (144), 8 were deleted because they were incomplete. 
The remaining 136 responses were exported to SPSS/Excel (PDF version) for preparation of 
customised charts and spreadsheets. These provided an overall view of averages and counts for 
each ‘scale’ and variable (item). Prior to downloading, the rating order in Likert-type scales was 
reversed so that 1 represented Very Low and 7 represented Very High. The original order on the 
questionnaire was designed to avoid arbitrary ticking and was reversed again after the 
questionnaire link was closed in order to conduct the statistical analysis and further increase 
reliability. 
Preliminary	Analysis	
From the 136 downloaded responses, 34 were deleted following a missing value analysis using 
SPSS Version 20. This identified missing patterns and percentages for each variable as well as 
incomplete sections, both random and non-random. Two variables were completely omitted 
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from the analysis (Table 5.1 and Table 5.2).The final filtered dataset comprised 102 responses. 
Prior to analysis, the entire dataset was screened and checked for errors (scores out of range). 
This involved checking for errors in both categorical and continuous variables. Error checking 
was repeated for frequencies and case summaries using a data screening process to double check 
specific information about variables.This included a descriptive statistical analysis to assess 
normality. After checking and preparing the dataset, a reliability confirmation was conducted to 
check the internal consistency of all 96 variables. Following this, a decision was made as to the 
most appropriate statistical techniques (multivariate statistical analysis― factor and multiple 
regression analysis) to be employed. 
Preliminary analysis using Excel revealed the overall response average of each section of 
constructs and its variable items. Essentially, it provided an indication of how respondents 
answered each section. The response rate also aided selection of the appropriate statistical 
techniques to be employed. This involved checking the distribution scores on continuous 
variables in terms of normality and outliers with graphs, histograms and box plots. This stage 
allowed the researcher to manipulate the dataset and examine the reliability of ‘scales’ in order 
to conduct appropriate inferential analysis. 
 
Figure 5.1: Response summary (SM) 
Although 136 responses were downloaded, SurveyMonkey recorded only 109 responses as 
complete (Figure 5.1). A descriptive statistical analysis of the 136 responses showed that 
Section 1 design theory had the highest number of completed responses and Section 2 design 
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processes had the highest number of incomplete responses. SurveyMonkey results of all 136 
responses were downloaded to an Excel spreadsheet, where each question indicated the item, 
response rate, response average, rating, bar chart of rating, and skipped and answered. 
Section 1 had a higher response rate than the other three sections. For example, Sq1 How 
familiar are the following disciplines? (Table 5.1) requires respondents to indicate their 
familiarity with nature based design approaches in various fields by discipline. Biomimicry had 
the highest rating (M=6.07) followed by Urban Ecology (M=5.24) and Regenerative Design 
(M=4.98). The other disciplines were less familiar (Figure 5.2). The least familiar discipline was 
Biophilia (M=3.84). 
Table 5.1: Rating and response count Sq1- Design disciplines (SM results) 
Rq1.How familiar are the following disciplines to you? 
Answer Options 
Very 
Familiar 
1 
2 3 4 5 6 Not Familiar 7 
Rating 
Average 
Response 
Count 
1.Biomimicry 72 31 14 8 2 3 3 6.07 133 
2.Ecomimicry 19 23 23 17 7 15 26 4.08 130 
3.Biophilia 25 22 14 12 15 10 33 3.99 131 
4.Industrial ecology 21 23 23 25 18 11 10 4.47 131 
5.Constructionecology 21 24 25 19 11 13 18 4.34 131 
6.Regenerative design 32 35 23 14 8 8 12 4.98 132 
7.Urban ecology 27 44 23 21 9 1 6 5.24 131 
8.Nanotechnology 23 26 30 17 14 10 11 4.64 131 
answered question 133 
skipped question 3 
	
Figure 5.2: Rating average of Sq1- design discipline (SM results) 
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Descriptive	Statistics	
Descriptive statistical analysis for mean (M), standard deviation (SD), range of scores, skewness 
and kurtosis of each variable or item was performed on the 136 dataset. Table 5.2 shows the 
results for familiarity with nature based disciplines. The variable item Biomimicry indicates a 
mean of 6.07 with 133 responses, a skewness of -1.90 and a kurtosis of 3.54. This scale, which 
comprises 8 variable items, had 125 valid responses. These were captured using SPSS version 
20. 
Table 5.2: Descriptive statistical analysis of sq1- Design disciplines 
Items 
N Min. Max. M SD Var. Skewness Kurtosis 
Stat. Stat. Stat. Stat. Std. E Stat. Stat. Stat. Std. E Stat Std. E 
Biomimicry  133 1.0 7.0 6.07 .12 1.39 1.95 -1.90 .210 3.54 .417 
Ecomimicry  130 1.0 7.0 4.08 .19 2.13 4.54 -.21 .212 -1.36 .422 
Biophilia 131 1.0 7.0 4.0 .20 2.28 5.22 -.06 .212 -1.52 .420 
Industrial eco. 131 1.0 7.0 4.5 .16 1.81 3.28 -.29 .212 -.87 .420 
Construction  131 1.0 7.0 4.3 .17 1.99 3.99 -.35 .212 -1.09 .420 
Regenerative  132 1.0 7.0 5.0 .16 1.90 3.61 -.83 .211 -.40 .419 
Urban ecology 131 1.0 7.0 5.2 .13 1.53 2.35 -1.01 .212 .71 .420 
Nanotechnology 131 1.0 7.0 4.6 .16 1.84 3.38 -.51 .212 -.73 .420 
Valid N  125           
Similar descriptive statistical analyses were conducted for all data from Likert-type scale 
questions (Sq1, Sq2, Sq.3, Sq5, Sq7, Sq8, Sq9, Sq10, Sq11, Sq12, Sq13 and Sq14). These 
question sections are also referred to as constructs (scales and constituents), and the variable 
items described under each of the constructs are referred to as continuous variables in statistical 
analysis (Chapter 4). 
Missing	data	
Preliminary analysis identified the percentage values of missing data for each of the variables in 
the 136 dataset. It allowed random missing values to be distinguished from systematic patterns. 
SPSS statistical procedure provides three ways of dealing with missing data: list-wise, pair-wise 
and replacing the mean (Field, 2013; Pallant, 2011, p. 63). There were a total of 96 variables on 
12 constructs (3 constituents and 9 scales). Only two ‘scales’, comprising 11 variables, showed 
a non-random pattern of missing data. SPSS missing value analysis was conducted for non-
randomly distributed variables of these two ‘scales’―‘guiding tools’-Sq.7 (Table 5.3) and 
‘software’-Sq.10 (Table 5.4) ―to detect patterns of missing value data. 
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Table 5.3: Missing value analysis sq7- Guiding tools 
 
Items Missing No. M SD N % 
Bio-TRIZ 15 14.7% 87 3.63 1.75 
Olgyay’s 
Bioclimatic  14 13.7% 88 4.34 1.86 
Green 
principles  13 12.7% 89 4.76 1.75 
Hannover 
principles  13 12.7% 89 4.19 1.75 
Ecological 
model              11 10.8% 91 4.53 1.68 
Design Spiral  11 10.8% 91 4.72 1.79 
a. Maximum number of variables shown: 25 
b. Minimum percentage of missing values for variable 
to be included: 10.0% 
 
The scale software indicated a missing percentage from 10.8% minimum to 23.5% maximum 
(Table 5.4). This suggests that many eco-practitioners were either not familiar with the 
terminology related to ‘guiding tools’ and most ‘software’ or did not use them. However digital 
software such as X-frog and L-system had the greatest amount of missing data―23.5% and 
21.6% respectively―which was the lowest valid number in the entire dataset. In these two 
scales, for all other variables, the missing percentages were between 10.8% and 15.7% and a 
decision was made to retain only 9 from the non-random variables after their relevance to the 
study was confirmed. 
Table 5.4: Missing value analysis sq10- Design software 
 
Items Missing Valid N Mean sd.  N Percent 
Digital -X- 
frog 24 23.5% 78 3.09 1.72 
Digital -L-
system 22 21.6% 80 3.20 1.73 
Design 
Builder 16 15.7% 86 3.58 1.91 
3d-Max 13 12.7% 89 4.02 2.02 
BIM  11 10.8% 91 4.74 2.03 
a. Maximum number of variables shown: 25 
b Minimum percentage of missing values for variable to 
be included: 10.0% 
 
 
The most difficult step was to finalise a complete dataset appropriate for statistical analysis. An 
Excel spread sheet, in which the missing slots were coloured, allowed each of the missing data 
patterns to be identified manually. This was confirmed by conducting SPSS missing data values 
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analysis. Many datasets were compiled (118, 113, 106, 104, 103, 101, 100, 99, and 98). 
Descriptive statistical analysis was conducted for each and reliability was checked for internal 
consistency. The final dataset (102) was decided upon after two variables (X-frog and L-system) 
were omitted and all random (less than 5%) and non-random (5%-10%) missing data were 
replaced with series mean values. Descriptive statistical analysis was performed for all 
identified continuous variables in the ‘scales’ (independent constructs) and the ‘constituents’ 
(dependent constructs) of a Biomimicry Approach in architectural eco design practice in the 
final dataset (102) to select an appropriate multivariate statistical technique to address the 
research inquiry. 
Data	preparation	
Once the data file was thoroughly checked for accuracy, the data were prepared for statistical 
analysis. Section 4― ‘socio demographics’-Sq.16, which included personal and contact details 
and the subcategories gender, age, professional experience and profession (Appendix D3), 
showed a biased distribution (large number of architects and small number of other 
professionals -Table 5.5). Many other professions were listed in the category other. Under 
contact details (Sq18), asking despondence which country they were from also showed a biased 
distribution. 
The only demographic category that needed to be included in the analysis was profession. A 
decision was taken to divided respondents into two categories― architects and non-architects. 
Table 5.5: Profession- sq16 (original distribution) 
Items Frequency Percent Valid Percent Cumulative Percent 
Architect 
Architectural Engineer 
Interior Designer 
Industrial Designer 
Design Educator 
Engineer 
Environmental Consultant 
Biomimicry Facilitator 
Project Manager 
Other 
Total 
59 57.8 57.8 57.8 
5 4.9 4.9 62.7 
1 1.0 1.0 63.7 
2 2.0 2.0 65.7 
3 2.9 2.9 68.6 
8 7.8 7.8 76.5 
4 3.9 3.9 80.4 
5 4.9 4.9 85.3 
2 2.0 2.0 87.3 
13 12.7 12.7 100.0 
102 100.0 100.0  
The latter was created by collapsing the following occupational classifications: architectural 
engineer (5), interior designer (1), industrial designer (2), design educator (3), engineer (8), 
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environmental consultant (4), biomimicry facilitator (5), project manager (2) and other (13). 
The other category includes urban designers, landscape designers, BIM specialists 
(draftspersons), biologists, biomimicry specialists and environmental engineers in the field of 
building construction and eco design practice. As shown in Table 5.6, overall there were 43 
non-architects (42.2 %) and 59 architects (57.8%). A t-test and ANOVA were conducted to 
check the suitability of this categorisation for multivariate statistical analysis. 
Table 5.6: Profession- sq16 (distribution after data preparation) 
Item Frequency Percentage Valid Percent Cumulative Percent 
Architects 
Non-Architects 
Total 
59 57.8 57.8 57.8 
43 42.2 42.2 100.0 
102 100.0 100.0  
Assessing	normality	
Normality was assessed by describing frequency of scores in the middle of the symmetrical bell 
curve with smaller frequencies towards the extremes (Gravetter & Wallnau, 2004) and by 
indicating values of skewness and kurtosis. This was assessed for each of the variables 
(continuous and categorical). Results of the Kolmogorov-Smirnov test helped assess normality 
of distribution of scores (Table 5.8). In this dataset all 96 continuous variables showed a highly 
significant value of .000 (P< .05) (Field, 2013; Pallant, 2011, p. 63). 
Histograms were used to display the shape of the distribution of each variable and the shapes 
appear to show a deviation from normality, mostly negatively skewed. However, the normal 
probability plots (Normal QQ Plot), where each score is plotted against a straight line 
representing normal distribution, showed a slight divergence of the dots against the straight line. 
This represents moderate deviation from normality. 
The assumption of normality, however, can mean different things in different contexts. This 
depends on whether the confidence intervals around the parameter estimate (the mean) or the 
confidence tests of the models (differences between the means) are accurate in the distribution. 
According to the central limit theorem, the larger the sample size (for a sample size of 30 or 
more), the more the sample distribution is predicted as normal, regardless of the shape of the 
population (Field, 2013; Wilcox 2010). Since the sample size in the study was 102, it was 
assumed to be a better approximation of normality according to the parameters of the 
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estimation. The assumptions and suitability for normality were checked separately, before each 
statistical method was conducted. 
Internal	Consistency	
The reliability of all datasets (136, 118, 113, 106, 104, 103, 101, 100, 99, 98 & 102) was 
checked for internal consistency of scales in determining the final dataset of 102. The ideal 
indicator for internal consistency is a Cronbach’s alpha coefficient  above .7 (DeVellis, 2003; 
Pallant, 2011). Since most items were less than 10 in most scales, the inter-mean correlations of 
optimal range were in the suggested range, between .2 to .4 (Briggs & Cheek, 1986). 
Table 5.7: Reliability of scales of a Biomimicry Approach–dataset 102 
Questionnaire items Constructs Reliability 
(C Alpha) 
Mean inter-item 
correlation 
Valid cases 
Sq1. Disciplines  .804 .332 102 
Sq2. Concepts .666 .398 102 
Sq3. Applications .512 .357 102 
Sq5. Procedures .646 .487 102 
Sq7. Guiding tools .857 .327 102 
Sq8. Design stages .811 .411 102 
Sq9. Principles .905 .442 102 
Sq10.  Software .913 .578 102 
Sq11. Design attributes .915 .491 102 
Sq12. Physical attributes .889 .536 102 
Sq13. Design Propositions .939 .529 102 
Sq14 Constraints .842 .374 102 
Sq1,6,7,8,9,10,11,12, 
13,14,15 
Scales (dependent constructs) of 
Biomimicry Approach .877 .312 102 
Sq2, 3, 5. Constituents (independent 
constructs) of Biomimicry Approach .774 .338 102 
In most ‘scales’, the Cronbach’s alpha coefficient was above .7 except for the scales ‘concept’ 
(.66), ‘application’ (.51) and ‘procedures’ (.64), but the overall mean inter-item correlation in all 
items was above .3. Since these 3 ‘scales’ are independent from the rest of the ‘scales’, with 3 to 
2 items in each ‘scale’, they were combined to obtain an overall score for efficacy of a 
Biomimicry Approach as perceived by eco practitioners. Generally, however, there was good 
overall internal consistency of all items in all constructs (‘scales’ and ‘constituents’-Table 5.7). 
A reliability check was conducted, again collapsing the items in the ‘constituents’― concept, 
procedure and application into a single construct called Biomimicry Approach. This produced a 
Cronbach’s alpha coefficient .77 and a mean inter-item correlation of .338, which indicated a 
higher reliability compared to the individual ‘constituents’ (‘concept’, ‘procedure’ and 
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‘application’). However the ‘constituents’ ‘concept’, ‘procedure’ and ‘application’ were 
considered as dependent constructs of Biomimicry Approach and the other ‘scales’ (disciplines, 
‘guiding tools, design stages, principles, software, design attributes, physical attributes, design 
propositions, and design constraints) acted as the independent constructs and categorical 
variables― ‘socio demographics’ (architects and non-architects) were considered as moderate 
constructs for multivariate statistical analysis (see Chapter 4). 
Multivariate	Statistical	Analysis	
Selection of the appropriate statistical techniques is guided by the nature of the research 
question, the type of data and the characteristics of the variables (Appendix D1, D2 and D3). 
The nature of the data reflects the type of measurement (interval or ratio) and variable 
(continuous, categorical, dependent or independent). The level of measurement helps to decide 
how to interpret the data from that variable. Descriptive statistical analysis was used to address 
Q1 How effective are the constituents of a Biomimicry Approach in architectural eco design 
practice? (Appendix D1) and Q2 How effective are the ‘scales’ of a Biomimicry Approach in 
architectural eco design practice? (Appendix D2). This analysis also assisted in checking 
variables for any violation of assumptions of normality underlying the statistical techniques 
selected. 
The main levels of interval measurement were Likert-type scales, in which the rated variables 
are measured using equal intervals. This type of measurement scale requires a statistical 
technique that examines the strength of the relationship among variables. Factor analysis was 
performed initially to identify the structure underlying the groups of continuous variables and to 
help reduce the amount of variables to a manageable size by forming them into a set of 
components also recognised as independent variables. Exploratory factor analysis specifically 
addresses Q3 and partially addresses Q2 together with descriptive statistics. These independent 
variables are then used in multiple regression analysis to predict scores on the dependent 
variables―the constituents of a Biomimicry Approach in architectural eco design 
practice―over the identified independent variables―the ‘components’ of a Biomimicry 
Approach in architectural eco design practice―which specifically addresses Q4. 
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Exploratory	Factor	Analysis:	Exploring	the	scales	of	a	
Biomimicry	Approach	
Exploratory Factor Analysis is a correlational matrix that attempts to present the inter-correlated 
variables as factors or components. In this study, nine ‘scales’ (independent variables) were 
developed using an interval-measuring instrument (Likert-type scale) in three sections of the 
online practice questionnaire―the ‘scale’― disciplines in design theory (‘concept’); the 
‘scales’― guiding tools, design stages, biomimicry principles and design software in design 
process (‘procedures’); and the ‘scales’― design attributes, physical attributes, design 
propositions and design constraints in design outcome (‘application). These ‘scales’, which 
identify and measure the components of a Biomimicry Approach in architectural eco design 
practice as perceived by eco-practitioners, address Q3 What are the ‘components’ of Biomimicry 
Approach that correlates most effectively in architectural eco design practice? These 
components were identified through exploratory factor analysis which helped to categorise the 
continuous variables that correlated most effectively within each ‘scale’. The nine ‘scales’ 
(independent constructs) comprised in each referent contented as identified from literature 
review are: 
1. Design disciplines (8 continuous variable items) 
2. Guiding tools (12 continuous variable items) 
3. Design stages (6 continuous variable items) 
4. Design principles (12 continuous variable items) 
5. Design software (8 continuous variable items) 
6. Design attributes (12 continuous variable items) 
7. Physical attributes (7 continuous variable items) 
8. Design propositions (14 continuous variable items) 
9. Design constraints (9 continuous variable items) 
The listed items are referred to as ‘continuous variables’. An assessment of the suitability of the 
data for factor analysis was conducted by checking the sample size and the strength of 
relationship among ‘continuous variables’. Although a larger sample size of at least 300 is 
recommended by some researchers (Tabachnick & Fidell, 2007, p. 613), the majority agree that 
a sample size of 100 or more is acceptable (Russell 2002). It is possible to have a smaller 
sample (sample less than 100) with several high loading marker variables on factors (Stevens, 
1996, p. 372) or a demonstration of a high level of community (.6 above) for measures used 
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(Russell 2002). A higher and the more frequent the factor loadings are, the smaller the sample 
can be (Field, 2013). Cronbach’s alpha was used to test reliability of the variables. 
On most scales, a high loading marker of above .7 Cronbach’s alpha is considered to indicate 
reliability (Briggs & Cheek, 1986). Tabachinck and Fidell (2007) recommend that the strength 
of mean inter-item correlations which depict a coefficient greater than .3 is acceptable and 
among all ‘scales’ a mean inter-item correlation of .312 was indicated (Table 5.7). 
Factor analysis was performed to establish more reliable solutions with similar characteristics 
and to eliminate unproductive items (i.e. those that did not contribute to clarifying biomimicry 
constructs). The factor extraction method used was principal component analysis with a 
preliminary Oblimin rotation to test the correlation between factors. This was followed by two 
further statistical measures to assess the factorability of data: Bartlett’s test of sphericity 
(Bartlett, 1954), and the Kaiser-Meyer-Olkin (KMO) measure of sample adequacy. The sample 
is accepted if the KMO value is greater than .6 (Kaiser, 1970; Kaiser, 1974). The dataset was 
considered appropriate for factor analysis as the Bartlett’s test of sphericity was significant (p< 
.05) p= .000. Minimum KMO value was .7, which indicates good suitability of the adequacy of 
the sample for factor analysis. Inspection of the mean inter-item correlation matrix revealed the 
occurrence of many coefficients of minimum .33 and above, which further supports 
factorability. 
Exploratory factor analysis was conducted for all 9 scales identified from the literature review 
for a Biomimicry Approach in architectural eco design practice. Factor analysis being a 
correlational matrix the correlations between the studied variables within each scale are 
presented by conducting principle component analysis. 
Scale	1:	Design	disciplines	
All factors in Scale 1 ‘Design disciplines’ consist of positive sense items, which indicated the 
relevance of nature based disciplines as identified by the literature review (Chapter 1). To 
determine the number of factors, principle component analysis examined eigenvalue exceeding 
1(one), identified 2 (two) components (3.4 and 1.5), explaining a 42.8% and 18.4% of variance 
respectively and a total explained variance of 61.2%. Further investigation used a scree test, 
which indicated a distinct discontinuity after the 2nd component. Component F1 was labelled 
Ecological based disciplines, as the items were more related to ecology and component F2 was 
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labelled Organism based disciplines, since the listed items were more related to understanding 
organisms within a habitat. 
The oblimin rotation showed that items in both components indicated a strong loading and all 
variable loadings were consistent with positive affect items. As shown in Table 5.8, in F1 
Ecology based disciplines, three items indicated a high variable loading: urban ecology (.802), 
construction ecology (.850), and regenerative design (.816). In F2 Organism based disciplines, 
biomimicry (.853) and biohphilia (.769) indicated a high variable loading (above .7) and 
nanotechnology (.648) indicated a moderate loading. 
Table 5.8: Scale 1– Design disciplines (8 variable items) 
Sq1. How familiar are the following disciplines to you? 
Scale1: Disciplines Communalities Component Matrix Pattern Matrix Structure Matrix 
Items Extraction F1 F2 F1 F2 F1 F2 
Urban ecology .728 .802  .860  .853  
Industrial ecology .590 .755  .727  .761 .334 
Regenerative design .647 .750  .816  .804  
Construction ecology .669 .723 -.383 .850  .806  
Ecomimicry .514 .717  .599  .676 .434 
Biomimicry .703 .456 .704  .853  .837 
Biophilia .580 .431 .628  .769  .761 
Nanotechnology .464 .468 .495  .648  .676 
Factors F1 F2  
Alpha .833 .598   
Eigenvalue (%) 3.4 1.5 r(F1F2) .31 
Explained Variance (%) 42.8 18.4 Total explained variance (%) 61.2 
 
Pattern & Structure Matrix: Extraction Method: Principal Component Analysis (PCA). 
A Rotation converged in 4 iterations. Rotation Method: Oblimin with Kaiser Normalisation.  
2 components extracted: F1 Ecological based discipline, F2 Organism based discipline 
The correlation between the two factors (r =.31) indicated a satisfactory positive relationship 
between these components. Under communalities the variance of each item the lowest was
.464 (above .3 is acceptable) showed good fit and satisfactory consistency among other
variable items in the scale. 
Scale	2:	Guiding	tools	
Principal component analysis examined eigenvalue exceeding 1(one) to determine the number 
of factors. Three components were extracted indicating an eigenvalue of 4.8, 1.9 and 1.0, which 
explained 40%, 19% and 8% of variance respectively, giving a total explained variance of 
63.9% (Table 5.9). Further investigation using a scree test indicated an indistinct discontinuity 
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after the 3rd component. The three factors identified were F1 Behavioural guiding tools, which 
was more related to performance; F2 Environmental guiding tools, which mostly related to 
bioclimatic and environmental factors; and F3 Green ranking, which related to green ratings, 
principles and concepts (Table 5.9). 
Table 5.9: Scale 2–Guiding tools (12 variable items) 
Sq7.How important is the following guiding tools to increase efficiency & effectiveness in design? 
Scale2: Guiding 
tools 
Communa
lities 
 
Component Matrix 
 
Pattern Matrix 
 
Structure Matrix 
 
Items Extraction F1 F2 F3 F1 F2 F3 F1 F2 F3 
Biomimicry principles .654 .578 -.531 .578 .846   .787   
Design Spiral .750 .692 -.502  .775   .810  -.412 
Hannover principles .618 .724 -307  .713   .767  -.402 
LBC .573 .715   .691   .740  -.352 
Bio TRIZ .516 .674   .636   .676 .340 .676 
Sustainable 
principles .562 .694  .694  .714   .703  
Bioclimatic principles .575 .514 .469 .301  .703   .740  
Olgyay’s Model .736 .688  .495 .571 .625  .611 .666  
Green rating .622 .501  -.551   -.803   -.787 
Green principles .786 .649 .562   .479 -.642  .640 -.757 
C2C .616 .680  -.387 .369  -.609 .545  -.700 
Ecological design .660 .761   .303 .371 -.469 .504 .536 -.659 
Factors F1 F2 F3 r(F2F3) -.258 
Alpha .832 .600 .773 r(F1F3) .312 
Eigenvalue (%) 4.8 1.9 1.0 r(F1F2) .147 
Explained Variance (%) 40 19 8 Total explained variance (%) 63.9 
 
Pattern & Structure Matrix:  Extraction Method: Principal Component Analysis (PCA).  
Rotation Method: Oblimin with Kaiser Normalization. Rotation converged in 10 iterations.  
F1 Behavioural guiding tools, F2 Environmental guiding tools, F3 Green benchmark. 
In this scale, two-factors―F1 Behavioural guiding tools and F2 Environmental guiding tools― 
consisted of positive-sense items, which indicated the presence of nature’s contribution, while 
factor F3 Green benchmark comprised negative-sense items indicating a lack of emphasis on 
nature’s contribution in green rating system, green principles, C2C and ecological design. 
Under communalities the variance of each item was above .516 (above .3), which indicated that 
the variable items fit well with each other within the scale and had a satisfactory consistency. 
The oblimin rotation showed that items in both components indicated a strong loading in F1 and 
moderate loading in F2 variables, which were consistent with positive effect items. However, in 
F1 Behavioural guiding tools, biomimicry principles (.846) indicated a high variable loading 
and green rating systems (-.803) indicated a high variable loading on F3 Green benchmarks 
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with all negative effect items. The correlation between F1 Behavioural guiding tools and F2 
Environmental guiding tools (r =.15) indicates a weakly positive relationship between them, 
while the correlation between F1 Behavioural guiding tools and F3 Green benchmarks (r = .312) 
indicated a strong positive relationship. However, the correlation between F2 and F3 (r= -.258) 
indicated a moderately negative relationship. The results of this analysis support the use of both 
positive and negative affect items as separate scales. The variance of each item the lowest was 
.516 (above .3), and under communalities all variable items fit extremely well within the scale, 
with a good consistency. 
Scale3:	Design	stages	
All factors in Scale 3 Design stages consist of positive sense items, which indicated the 
relevance of nature concepts and principles to design stages. The number of factors was 
determined by principle component analysis. Eigenvalue exceeding 1(one) identified 2 (two) 
components (3.2 and 1.3), explained a 52.9 % and 22.0% of variance respectively and a total 
explained variance of 74.8% (Table 5.10). Further investigation using a scree test indicated a 
clean break after the 2nd component. 
Table 5.10: Scale 3–Design stages (6 variable items) 
Sq3. How relevant are the use of nature's principles and concepts at each of the following stages in design? 
Scale3: Design stages Communali
ties 
 
Component Matrix Pattern Matrix Structure Matrix 
Items Extraction F1 F2 F1 F2 F1 F2 
Contract documentation  
Contract administration  
Detail development  
Schematic development  
Preliminary planning  
Concept development 
.811 
.846 
.708 
.596 
.725 
.803 
.853 
.850 
.816 
.771 
.367 
.572 
-.345 
 
 
 
.768 
.690 
.944 
.916 
.834 
.657 
 
 
 
 
 
 
.873 
.851 
.914 
.899 
.841 
.730 
.367 
 
.445 
.887 
.847 
Factors F1 F2  
Alpha .864 .693   
Eigenvalue (%) 3.2 1.3 r(F1F2) .277 
Explained Variance (%) 52.9 22.0 Total explained variance (%) 74.8 
 
Pattern & Structure Matrix: Extraction Method: Principal Component Analysis. 
A Rotation converged in 4 iterations. Rotation Method: Oblimin with Kaiser Normalisation.  
2 components extracted. F1 Design development stage, F2 Conceptual stage. 
The Oblimin rotation showed that items in both components indicated a very strong loading and 
all variable loadings were consistent with positive affect items. The two factors were labelled as 
F1 Design development stage, since all items are related to detail stage, while F2 Conceptual 
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stage relates to early stages (Table 5.10). In F1 Design development stage, the variable items 
contract documentation (.944), contract administration (.916) and detail design (.834) indicated 
a high variable loading. Both preliminary planning (.873) and concept development (.851) 
indicated a high variable loading on F2 Conceptual stage (above .8).The correlation between the 
two factors (r =.28) indicates a moderately positive relationship between them. Under 
communalities the variance of each items the lowest was .596 (above .3), showing that the 
variable items fit extremely well within the scale and there is a good internal consistency. 
Scale	4:	Design	principles	
All factors in this scale consist of positive sense items, which indicate variables of biomimicry 
principles. The number of factors was determined by principal component analysis. Eigenvalue 
exceeding 1, identified 2 components (6.0 and 1.2), explaining 50% and 9.8% of variance 
respectively with a total explained variance of 59.8% (Table 5.11). Further investigation using a 
scree test showed an indistinct break after the 2nd component. 
Table 5.11: Scale 4– Design principles (12 items) 
Rq9. How relevant are the following principles to design? 
Scale4: Principles Communalities  Component Matrix Pattern Matrix Structure Matrix 
Items Extraction F1 F2 F1 F2 F1 F2 
Limits 
Local expertise 
Life  conditions 
Cooperation 
Diversity 
Self-assembly 
Curb excess 
Sunlight 
Recycle 
Energy materials 
Optimize 
Form Function 
.700 
.644 
.522 
.684 
.464 
.520 
.670 
.623 
.576 
.550 
.678 
.544 
.823 
.780 
.628 
.816 
.602 
.699 
.818 
.789 
.742 
.401 
.639 
.634 
 
 
-.358 
 
-.320 
 
 
 
 
.623 
.519 
.378 
793 
.785 
.781 
.772 
.732 
.707 
.694 
.647 
.496 
 
 
 
 
 
 
 
 
 
 
 
.401 
.786 
.750 
.600 
.833 
.802 
.703 
.820 
.668 
.720 
.792 
.755 
.667 
 
.466 
.501 
.431 
.374 
 
.442 
 
.331 
.525 
.529 
.612 
.733 
.812 
.703 
Factors F1 F2  
Alpha .904 .694   
Eigenvalue (%) 6.0 1.2 r(F1F2) .425 
Explained Variance (%) 50.0 9.8   Total explained variance (%) 59.8 
 
Extraction Method: Principal Component Analysis. 
A Rotation converged in 6 iterations. Rotation Method: Oblimin with Kaiser Normalisation.  
2 components extracted. F1: Resource efficiency principles, F2: Spatial efficiency principles.  
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There was a strong positive correlation between the two factors (r =.425). Under communalities 
the variance of each item lowest was 464 (above .3), showing that the items fit well within the 
scale and there is a decent consistency. 
Scale	5:	Design	software		
Only 1 component was extracted via principal component analysis. All items indicated a high 
reliability of .888 and were positive sense items concerned with the importance of design 
software (Table 5.12). Most of the variable items loaded quite strongly on the component 
(above .76). The communalities, which explained the variance of each item, indicated a high 
value exceeding .58 (above .3). This indicated that the items fit very well with the other items in 
the component.  
Table 5.12: Scale 5– Design software (6 items) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Component Matrix 1 component extracted. Extraction Method: Principal Component Analysis (PCA). 
F1: Design Software 
To determine the number of factors, principal component analysis was used to examine an 
eigenvalue exceeding 1(one), identified only 1 (one) component (5.0), explaining a total 
variance of 63.0% (Table 5.13). However, the component matrix indicated sketch up (.845) as 
the highest loading on the factor followed by 3D Max (.833) and eco tech (.804). 
Scale	6:	Design	attributes	
All factors in this scale consisted of both positive and negative sense items which indicated the 
extent to which natural approaches were used in determining the design attributes to enhance 
ecological sustainability. Principal component analysis was used to examine Eigenvalue 
exceeding 1, identified 2 components (6.5 and 1.3), explaining 53.8% and 11.0% of variance 
Sq10. How important are the following software to help integrate physical attributes form, space and 
fabric effectively when designing? 
Scale5: Software Communalities  Component Matrix 
Items Extraction F1 
Sketchup .714 .845 
Three D max .695 .833 
Ecotech .647 .804 
BIM .634 .796 
Autocad .599 .774 
Design_Builder .578 .760 
Indicator F1  
Alpha .888 Total explained variance (%) 63 
Eigenvalue (%) 5  
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respectively and a total explained variance of 64.6% (Table 5.13). A scree test indicated a 
distinct break after the 2nd component. 
Table 5.13: Scale 6– Design attributes (12 variable items) 
Sq11. To what extend has nature as an approach being responsible in determining the following design attributes to 
enhance ecological sustainability? 
Scale 6: Design attributes Communalities 
 
Component 
Matrix 
Pattern Matrix Structure Matrix 
Items Extraction F1 F2 F1 F2 F1 F2 
Footprint 
Natural Ventilation 
Daylight 
Thermal Comfort 
Materials 
Reuse 
Service technologies 
Envelope design 
System Integration 
Orientation 
Views, vistas 
Green aesthetics 
.713 
.820 
.848 
.682 
.760 
.641 
.692 
.549 
.663 
.612 
.429 
.342 
.842 
.825 
.791 
.778 
.744 
.739 
.733 
.730 
.724 
.652 
.619 
.580 
 
-.375 
-.471 
 
.455 
.308 
.393 
 
.371 
-.432 
 
 
.555 
 
 
 
.937 
.771 
.862 
.568 
.833 
 
 
.419 
-.385 
-.866 
-.957 
-.730 
 
 
 
 
 
-.839 
-.572 
 
.786 
.585 
.513 
.584 
.867 
.800 
.831 
.715 
.814 
.404 
.469 
.556 
-.719 
-.904 
-.919 
-.817 
-.447 
-.512 
-.467 
-.586 
-.469 
-.778 
-.647 
-.479 
Factors F1 F2 -467 
Alpha .883 .860   
Eigenvalue (%) 6.5 1.3 r(F1F2) -.602 
Explained Variance (%) 53.8 11 Total explained variance (%) 64.6 
 
Extraction Method: Principal Component Analysis. 
A Rotation converged in 8 iterations. Rotation Method: Oblimin with Kaiser Normalization.  
2 components extracted. F1: Green attributes, F2: Climatic attributes.  
The Oblimin rotation showed that items in both components indicated a strong loading and all
variable loadings were consistent with bipolar (positive and negative affect) items. The two
factors extracted were labelled as F1 Green attributes, since most variables are related to green 
aspects and F2 Climatic attributes since they refer to variables related to climate (Table 5.13). 
In F1 Green attributes, the variable items selecting materials (.937), service technologies
(.862) and systems integration (.833) indicated a high variable loading on positive sense items.
Daylight (-.853), natural ventilation (-.866) and orientation (-.839) indicated a high variable 
loading on negative sense items in F2 Climatic attributes (above .8).There was a strong 
negative correlation between the two factors (r =-.6). Under communalities the variance of 
each items the lowest indicated above .34 (above .3), and all items revealed a fair consistency 
that fit well within the scale. 
Chapter	5:	Quantitative	Data	Analysis	and	Results:	Practice	Survey	
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture	 5‐18	
Scale7:	Physical	attributes	
Only 1 component was extracted via principal component analysis. All items indicated a high 
reliability of .889 alphas (Table 5.14). All items were positive sense items concerning the 
importance of physical attributes. Most of the variable items loaded quite strongly on the 
component (above .69). The communalities, which explained the variance of each item, 
indicated a high minimum value of .48 (above .3). This indicated that the items fit very well 
with the other items in the component. To determine the number of factors principal component 
analysis examined an Eigenvalue exceeding 1, identified only 1 component (6.0), with total 
explained variance of 60.4% (Table 5.14). 
Table 5.14: Scale7– Physical attributes (7 variable items) 
 
	
	
	
	
	
	
	
Scale	8:	Design	propositions	
All factors in this scale 8 were based on identified principles, concepts and laws of nature and 
consisted of positive sense items regarding the outcome of enhancing ecological sustainability. 
To determine the number of factors principal component analysis examined an eigenvalue 
exceeding 1, identified 2 components (8.0 and 1.0), explaining 56.4% and 7.3% of variance 
respectively and a total explained variance of 63.8%. A scree test indicated a distinct break after 
the 2nd component. 
The Oblimin rotation showed stronger loading items (10) in F1 than in F2 (4) and all variable 
loadings were consistent with positive affect items (above.495). F1 was labelled spatial 
Sq12. How important is using nature as an approach in determining the following physical attributes? 
Scale7: Physical attributes Communalities 
 
Component Matrix 
Items Extraction F1 
Elements .702 .838 
Structural systems .647 .804 
Volume .643 .802 
Form shape .630 .794 
Spatial layout .587 .766 
Service Technologies .544 .737 
Section of materials .477 .694 
Indicator F1  
Alpha .889 Total explained variance (%) 60.4 
Eigenvalue (%) 6.2  
 
Note: Extraction Method: Principal Component Analysis. 1 component extracted.  
F1: Physical attributes 
Chapter	5:	Quantitative	Data	Analysis	and	Results:	Practice	Survey	
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture	 5‐19	
integration, since all items were concepts related to spatial design (Table 5.15). F2 was named 
space utilisation, since most items were related to use of space.  
Table 5.15: Scale 8– Design propositions (14 variable items) 
Sq13. To what extent have the following propositions helped in the final design outcome? 
Scale8: Propositions 
Communali
ties 
 
Component 
Matrix 
 
Pattern Matrix 
 
Structure Matrix 
 
Items Extraction F1 F2 F1 F2 F1 F2 
Places of variety .712 .833  .734  .833 .603 
Synthesis of form .683 .826  .621  .793 .659 
Space integration .631 .794  .535 .350 .743 .668 
Multifunctional space .689 .787   .620 .663 .795 
Waste space .779 .763 .445  .823 .584 .879 
Ecosystem balance .640 .752  .816  .800 .458 
Environment fit .583 .746  .700  .759 .516 
Design Flexibility  .741  .791  .784 .458 
Fabric adapts to climate .566 .731  .344 .495 .638 .700 
Robust .530 .728  .537  .696 .586 
Part to whole .744 .708 -.493 1.008 -.304 .827  
Design generated .494 .698  .584  .689 .523 
Multifunctional material/ tech  .485 .696  .507  .663 .565 
Reduce over designing .775 .696 .539  .909 .491 .879 
Factors F1 F2  
Alpha .921 .857   
Eigenvalue (%) 8.0 1.0 r (F1F2) .595 
Explained Variance (%) 56.4 7.3 Total explained variance (%) 63.8 
Extraction Method: Principal Component Analysis. A Rotation converged in 11 iterations. Rotation Method: Oblimin with Kaiser
Normalization. 2 components extracted. F1: Spatial integration, F2: Space utilisation.  
In F1 Spatial integration (.912) the variables part to whole (1.0), ecosystem balance (.816), and 
design flexibility (.791) indicated a high variable loading. Reduce over designing (.909), and 
eliminate waste spaces (.823) indicated a high variable loading on F2 Space utilisation (.857). 
There was a strong positive correlation between the two factors (r =.595). Under communalities 
the variance of each item was above .485 (above .3), all variable items fit well within the scale 
and had a good consistency. 
Scale	9:	Design	constraints	
All factors in this scale consisted of positive sense items about the constraints that affected the 
final design outcome in using nature as a design approach. To determine the number of factors, 
principal component analysis examined an Eigenvalue exceeding 1, identified 2 components 
(4.1 and 1.1), explaining 45.3% and 12.3% of variance respectively and a total explained 
variance of 57.8% (Table 5.16). A scree test indicated a distinct break after the 2nd component. 
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Table 5.16: Scale 9– Design constraints (variable items) 
Rq14. To what extent have the following constraints affected the final design outcome in using nature as a 
design approach? 
Scale 9: Design 
constraints 
Communalitie
s 
 
Component Matrix Pattern Matrix Structure Matrix 
Items Extraction F1 F2 F1 F2 F1 F2 
Project Coordination    .771  .845 .503 
Design Team .608 .826  .653  .752 .509 
Social stigma .588 .765  .471 .436 .658 .637 
Cultural .615 .764  .731  .778 .423 
Client .651 .740   .783 .387 .805 
Regulation .529 .663 .460  .691 .373 .724 
Financial .615 .613 .392  .818  .780 
Time .493 .564 .545 .760  .684  
Eco-technologies .342 .540 -.449 .605  .583  
Factors F1 F2  
Alpha .818 .690   
Eigenvalue (%) 4.1 1.1 r(F1F2) .428 
Explained Variance (%) 45.3 12.3 Total explained variance (%) 57.8 
 
Pattern & Structure Matrix: Extraction Method: Principal Component Analysis (PCA). 
A Rotation converged in 6 iterations. Rotation Method: Oblimin with Kaiser Normalization.  
2 components extracted. F1: Secondary constraints, F2:Primary constraints 
The Oblimin rotation showed a strong loading in items in both components and all variable 
loadings were consistent with positive affect items (Table 5.16). The two factors extracted were 
named Primary constraints (F2) and Secondary constraints (F1). In F1 Secondary constraints: 
project coordination (.771), time (.760) and culturally insignificant (.731) indicated a fair 
variable loading. In F2 Primary constraints, financial unfeasibility (.818), and difficulty in 
educating and convincing the client (783) indicated a high variable loading (above .78). There 
was a strong positive correlation between the two factors (r =.43). Under communalities the 
variance of each item was above .54 (above .3), all items fit well within the scale and had a 
good consistency. 
Overall	effectiveness	of	the	scales	
Overall 17 components were identified by exploratory factor analysis from a total of 9 scales 
(Figure 5.3). All 86 variable items represented 17 quality indexes of a Biomimicry Approach 
(Table 5.17). Reported communalities indicated the variance of each variable item under each 
scale. All items in all scales indicated a value above .3. The majority of variable items indicated 
a high value above.6. This shows that most variable items fit well with other items in the scale. 
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Table 5.17: Components identified by exploratory factor analysis 
Scales Components KM0 Sig. CCM Reliability (C Alpha) 
M inter-item 
correlation 
1.Disciplines 
1.Ecological based disciplines 
0.79 .000 0.307 
0.83 0.514 
2.Organism based disciplines 0.6 0.379 
2.Guiding tools 
3.Behavioral guiding tools 
0.82 .000 
0.147 0.83 0.497 
4.Environmental guiding tools -0.312 0.6 0.338 
5.Green bench marks  -0.258 0.77 0.464 
3.Design stages 
6.Design development stage 
0.7 .000 0.275 
0.86 0.625 
7.Conceptual stage 0.7 0.356 
4.Principles 
8.Resource efficiency principles 
0.88 .000 0.425 
0.90 0.520 
9 Spatial efficiency principles 0.7 0.413 
5.Design software 10.Design software 0.87 .000 -------- 0.89 0.572 
6.Design attributes 
11.Green attributes  
0.86 .000 -0.602 
0.88 0.533 
12.Climatic attributes 0.86 0.558 
7.Physical attributes 13.Physical attributes 0.85 .000 -------- 0.89 0.536 
8.Design propositions 
14. Spatial integration  
0.91 .000 0.595 
0.92 0.543 
15.Space utilisation  0.86 0.899 
9.Design constraints 
16.Secondary constraints  
0.75 .000 0.428 
0.82 0.441 
17.Primary constraints  0.7 0.437 
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Figure 5.3: Development of Components of a Biomimicry Approach 
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Component matrix showed the unrotated loadings of each variable item, while pattern matrix 
was reported to make the final decision concerning the number of variable items to select in a 
component or factor. Structure matrix, which is unique to oblimin output, provided information 
about the correlation between variables and factors. 
Overall, the results confirmed the factorial structure of the scales, which showed an increased 
level of reliability in most components with respect to the scales. Seven scales were multi- 
dimensional while 2 were mono-dimensional. The qualities of the multi-dimensional 
components were re-labelled while the mono-dimensional used the same name as the scales. 
Descriptive statistics (Appendix D4) and Reliability checking among all 17 components-
independent variables (potential predictors) showed a Cronbach’s alpha level of .877 and an 
overall mean inter-item correlation of .312 (Table 5.7), which is evidence of high internal 
consistency. These components under each scale were labelled using terms identified relevant 
from the literature review. 
Exploring	the	Constituents	of	a	Biomimicry	Approach		
The constituents of a Biomimicry Approach were determined using two different instruments 
―a ratio scale and an interval scale―for purpose of subsequent validation. In other words, the 
same inquiry was conducted in two different ways to confirm which constituents are most 
applicable to a Biomimicry Approach in architectural eco design practice. Table 5.18 and Figure 
5.3 show the user response weight independently for both groups (architects and non-architects) 
in terms of percentages of ratios of constituents described as a concept generator, design 
procedure and design outcome. Design application and design outcome are used 
interchangeably. 
Table 5.18: Nature as a design approach 
Sq. 4. Use of Nature as a design guide Architects Non-Architects 
Items Rating average No. 
Rating 
average No. 
Concept  23.73% 14 18.6% 8 
Procedure 8.47% 5 4.65% 2 
Outcome 11.86% 7 6.98% 3 
Concept, Procedure & Outcome 23.73% 14 25.58% 11 
Concept & Procedure 13.56% 8 16.28% 7 
Concept & Outcome 6.78% 4 13.95% 6 
Procedure & Outcome 1.7% 1 6.98% 3 
None 10.17% 6 6.98% 3 
Total 100% 59 100% 43 
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Figure 5.4: Nature as a design guide―radar analysis 
Overall, however, the majority of both architects and non-architects preferred using nature by 
combining all three constituents (Figure 5.3). This was supported by the results from 7 point 
Likert-type scales, which independently assess the items related to each of the identified 
constituents (concept, procedure and application). Descriptive statistical analysis (Appendix D1) 
was used to check the reliability of these three constituents and compare the results with the 
combination of all constituents. 
Constituents	of	a	Biomimicry	Approach	from	
literature	review	
As explained in Chapter 2, biomimicry is defined in the literature as a way of emulating or 
taking creative inspiration from nature as a model, system or process in order to design complex 
human problems sustainably. This categorisation of the potential constituents of a Biomimicry 
Approach was strengthened by analysis of the available literature on biomimicry, particularly 
work done by pioneering researchers (Baumeister, Tocke, Dwyer, Ritter & Benyus, 2013; 2002; 
Benyus, 2002; Bhushan, 2009; Pedersen Zari, 2012; Reap, 2009; Vincent, Bogatyrev, 
Bogatyrev, Bowyer & Pahl, 2006; Wilson, 2008); and by the development of the Biomimicry 
Theoretical Model and Biomimicry Theoretical Framework (Gamage & Hyde, 2012) (Chapter 
3). Constituents of a Biomimicry Approach (Figure 5.4) can be conceptualised as a design 
theory that takes nature as model, mentor and measure; as a directly or indirectly mimicking 
design procedure; and as an application of nature at three levels (form, process and ecosystem). 
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Yet it remains unclear how these constituents interrelate in different fields, products and 
contexts of architectural eco design practice. 
 
 
 
 
 
 
 
 
Comparison	of	means		
Of the constituents nominated by eco practitioners (Table 5.19), the highest mean was obtained 
for ecosystem level (M=6.48, SD=.85) with a minimum variance of .727, followed by mentor 
(M= 6.45, SD=.816) with a minimum variance of .666 and then process (M=6.24, SD=1.0). 
Table 5.19: Radar analysis of the constituents of a Biomimicry Approach 
 Constituents  
 
Mean 
 
SD Variance 
 
Radar Analysis of the Mean 
 
 Concept 
 Model 
 Measure 
 Mentor 
6.25 
6.14 
6.16 
6.45 
 
1.1 
1.1 
0.8 
 
1.4 
1.2 
0.6 
 
 Application 
 Form 
.Process 
 Ecosystem 
 
5.72 
4.44 
6.23 
6.48 
 
 
1.8 
1.0 
0.8 
 
 
3.3 
1.0 
0.7 
 Procedure 
 Directly 
 Indirectly 
4.86 
4.29 
5.43 
  
1.7 
1.4 
3.1 
2.1 
The lowest mean was reported for the directly mimicking approach (M=4.29, SD=1.78) with a 
high level of variance (3.16), followed by form level (M= 4.44, SD=1.82) with a variance of 
Figure 5.5: Constituents of a Biomimicry Approach 
Model 
Measure 
Measure 
Directly 
Indirectly 
Form 
Process 
Eco system 
Concept 
Procedure  
Application 
Constituents of a Biomimicry 
Approach  
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3.32. In relation to the primary constituents of a Biomimicry Approach, using it as a design 
concept was most often reported (M=6.25), followed by design application (M= 5.72) and 
design procedure (M=4.86). 
Reliability		
Normally, Cronbach’s alpha reliability coefficient ranges between 0 and 1. Although there is 
really no lower limit to the coefficient, the closer it is to 1.0, the greater is the internal 
consistency of the items. The size of alpha is determined by both the number of items in the 
scale and the mean inter-item correlations. The rule of thumb for Cronbach’s alpha value is as 
follows: above .9 Excellent; .8 Good, .7 Acceptable; .6 Questionable; .5 Poor; and below .5 
Unacceptable (George & Mallery, 2003, p. 231). While increasing the value of alpha partially 
depends on the number of items in the scale, it should be noted that this has weakening returns. 
However, an alpha of .8 is generally a reasonable goal. 
Table 5.20: Reliability and correlation of constituents of a Biomimicry Approach 
No. 
 
Constituents of Biomimicry Approach by eco-
practitioners  
Items 
 
Mean Reliability 
C.Alpha 
M inter-item 
correlation 
Sq.2 How important are the following as a concept generator to design? (combined 3 items) Concept 6.25 .666 .386 
1 Taking nature as a model; creatively emulating its elements, systems or an ecosystem Model 6.14   
2 Taking nature as a measure; ecological standard to judge the rightness of sustainability in innovations Measure 6.16   
3 Viewing & valuing nature as a mentor; source of ideas that can be taken as lessons in creations Mentor 6.45   
Sq.3 How important is emulating nature at the following levels of application to design? (combined 3 items) Application 5.72 .512 .487 
4 Form level-taking natural form as an inspiration for shaping the appearance Form 
4.44   
5 Process level-taking natural processes as an inspiration to understand the performance Process 
6.24   
6 Ecosystem level-taking an ecosystem as an inspiration to understand holistic connection Ecosystem 
6.48   
Sq.5 To what extent are the following approaches used in your practice?(combined 2 items) Procedure 4.86 .646 .357 
7 Mimicking design strategies directly, from an organism or a natural system Direct 
4.29   
8 Taking inspiration indirectly, by means of abstracting principles of how nature designs Indirect 
5.43   
 Overall BA (combining all 8 items)  5.70 .774 .338 
While a high value for Cronbach’s alpha indicates good internal consistency of the items in the 
main constituent, it does not mean that the constituent is one-dimensional. Factor analysis is 
used to determine the dimensionality of a scale (Gliem  & Gliem 2003). 
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Reliability was checked in all three scales relating to a Biomimicry Approach (Table 5.20) with 
these results: concept (.666), procedure (.512) and application (.646) and an acceptable 
Cronbach’s alpha score. Since each main constituent contains fewer than 10 items, .5 
Cronbach’s value is acceptable, although above .7 is generally recommended (DeVellis, 2003). 
The mean inter-item correlation of constituents―concept (.386), procedure (.487) and 
application (.357)―indicated an optimal range (above .3). This is considered more appropriate 
than the Cronbach’s alpha value when there are fewer than 10 items in a scale. 
To evaluate the overall efficacy of the constituents of a Biomimicry Approach in architectural 
eco design practice as perceived by eco-practitioners, 8 items categorised under the scales 
‘concept’, ‘procedure’ and ‘application’ were combined. This involved combining the items 
model, measure and mentor into a single concept and the items directly and indirectly 
mimicking approaches as ‘procedure’. The ‘application’ scale combines the items form, process 
and ecosystem. 
Each item and its constituents were independently assessed. Reliability was checked for all 8 
items, which revealed acceptable scores. The scale had a satisfactory internal consistency with a 
Cronbach’s alpha coefficient of .774, even with fewer than 10 items, which is above the 
acceptable level (.7) (DeVellis, 2003) and a mean inter-item correlation of .338, which is well 
within the recommended optional range of .2-.4 (Briggs & Cheek, 1986), with a mean score of 
5.7 and an item variance of 5.3 ( Table 5.21). 
 
Figure 5.6: Radar analysis of all constituents of a Biomimicry Approach 
Figure 5.5 shows the mean rating of all ‘constituents’ of a Biomimicry Approach and its overall 
mean rating among architects and non-architects. The line pattern of mean scores for architects 
and non-architects is similar, showing only minor differences between each ‘constituent’. 
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Table 5.21: Overall efficacy of a Biomimicry Approach by architects and non-architects 
Scales & 
Items Mean Overall efficacy  Architects Non-Architects 
Biomimicry  
Approach 5.61 
Less than 5.61 (low level efficacy) 30 (51%) 5.47 18 (42%) 5.8 
More than 5.61 (high level efficacy) 29 (49%) 25 (58%) 
Concept 6.25 Less than 5.61 (low level efficacy) 19 (32%) 6.19 4 (17%) 6.33 More than 5.61 (high level efficacy) 40 (68%) 39 (91%) 
Procedure 4.86 Less than 5.61 (low level efficacy) 27 (48%) 4.65 23 (53.5%) 5.15 More than 5.61 (high level efficacy) 12 (20%) 20 (46.5%) 
Application 5.72 
Less than 5.61 (low level efficacy) 25 (42%) 
5.58 
16 (37%) 
5.91 More than 5.61 (low level efficacy) 34 (58%) 27 (63%) 
More than 5.61 (high level efficacy) 52 (88%) 39 (91%) 
Table 5.21 lists the items that contribute towards the overall efficacy of a Biomimicry Approach 
and Table 5.22 compares the overall efficacy of the 3 main ‘constituents’ (‘concept’, 
‘procedure’, ‘application’) with the overall mean value indicated by the Biomimicry Approach 
(M=5.61). Non-architects showed a higher mean than architects, indicting a higher overall level 
of efficacy. 
For additional reliability, the perceived level of efficacy of each of the constituents of a 
Biomimicry Approach (‘concept’, ‘procedure’ and ‘application’) for architectural eco design 
practice was compared with the common mean scores of a Biomimicry Approach (M=5.61) in 
both groups. 
Standard	multiple	regression:	Predictor	variables	of	a	
Biomimicry	Approach	
Descriptive statistical analysis and an assessment of normality were performed on all 17 
independent variables identified in the factor analysis. These helped to determine the most 
appropriate variables or components for standard multiple regression. All variables having a p-
value of.05 or less were retained. Two components―Ecological based disciplines and 
Environmental guiding tools― had p-values exceeding .05 (.178 and .243 respectively) and 
were excluded from the multiple regression Analysis (Table 5.22). 
The components that correlated substantially (Pearson correlation coefficient above .3) and 
demonstrated multicollinearity with a tolerance value of more than .10 were retained. Standard 
multiple regression was employed to examine how the remaining 15 components (independent 
variables) obtained from the exploratory factor analysis predict the overall effectiveness of a 
Biomimicry Approach as perceived by architects and non-architects. 
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Table 5.22: Predictor variables (independent variables obtained from factor analysis) 
Components Reliability  (C Alpha) 
M  inter-item 
correlation 
Shapiro-Wilk 
Sig. 
Ecological based disciplines 0.833 0.514 .178 
Organism based disciplines 0.598 0.379 .000 
Behavioural guiding tools 0.832 0.497 .001 
Environmental  guiding tools 0.600 0.338 .243 
Green benchmarks 0.773 0.464 .000 
Design development stage 0.864 0.625 .006 
Conceptual stage 0.695 0.356 .000 
Resource efficiency principles 0.904 0.520 .000 
Spatial efficiency principles 0.654 0.413 .000 
Design software 0.888 0.572 .000 
Green attributes 0.883 0.533 .000 
Climatic attributes 0.860 0.558 .000 
Physical attributes 0.889 0.536 .000 
Spatial integration 0.921 0.543 .000 
Space utilisation 0.857 0.899 .000 
Secondary constraints 0.818 0.441 .002 
Primary constraints 0.690 0.437 .000 
 
It was performed independently for both groups. In each group, each component was assessed to 
determine which independent variables contributed the most to predicting the overall 
effectiveness of a Biomimicry Approach in architectural eco design practice. There was a 
substantial difference between the two groups with regard to the relevance of the components 
(Independent variables). 
The mean scores of architects and non-architects on the factor ‘components’ showed a similar 
pattern (Figure 5.6). The conceptual stage was rated very high by both groups. Architects rated 
green attributes, climatic attributes, physical attributes, space utilisation, spatial integration, 
ecological guiding tools, environmental guiding tools, design software and ecological based 
disciplines higher than non-architects. Organism based disciplines, spatial efficiency principles; 
resource efficiency principles, secondary constraints and the conceptual stage were rated higher 
by non-architects. 
The means of factor components revealed only a marginal difference between the architects and 
the non-architects. The conceptual stage had the highest overall mean among non-architects 
(6.66) and architects (6.54). The lowest mean score was for design software (architects = 4.44, 
non-architects = 3.99). 
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Figure 5.7: Means of factor components 
Independent	samples	t‐test		
Levene’s test for equality of variance was used to determine the variance of scores for the two 
groups. The significance level of this test is greater than .05, hence the result here (.228) 
indicates that the assumption of equal variance has not been violated (Table 5.23). The mean 
score of non-architects was higher (M= 5.7, SD=0.73) than for architects (M=5.47, SD=.90) and 
t (100) =-1.9, p=.057, two tailed). 
Table 5.23: Independent samples t-test 
The magnitude of the difference in the means (MD=-.3.2, 95% CI: -.657 to .009) was a small 
effect (between .01-.06) of eta squared = .035 (Cohen, 1988, p. 246). The sig. two tailed value is 
.057 (above.05), indicating no statistically significant difference between the means (Pallant, 
2011, p. 242). 
 
Levine’s Test for 
Equality of 
Variances 
t-test for Equality of Means 
F Sig. t df Sig. (2-tailed) 
Mean 
diff. 
Std. 
error 
diff. 
95% con. interval 
of the diff. 
Lower Upper 
Biomimicry 
Approach 
Equal 
variances 
assumed 
1.472 .228 -1.93 100 .057 -.324 .168 -.657 .009 
Equal 
variances not 
assumed 
  -1.99 98.8 .049 -.324 .163 -.646 -.001 
Chapter	5:	Quantitative	Data	Analysis	and	Results:	Practice	Survey	
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture	 5‐31	
ANOVA		
The assumption of normality was checked by inspecting the Normal Probability Plot (P-P) in 
both groups independently. They lie in a reasonably straight line, suggesting no major 
deviations from normality. The scatter plot of the standard residuals showed most scores 
concentrated along the centre (0 point), which suggests a violation of the assumption. However 
when the outliers from the scatter plot were inspected and the histograms were examined for 
normality, the results were not more than 3.3 or less than -3.3 (Tabachnick & Fidell, 2007).  
Table 5.24 shows results of the ANOVA test. The predictors indicated a sig. value less than .05 
(sig. = .000; means p<.0005) which was statistically significant. The maximum Cook’s distance 
value was.576 for architects and .421 for non-architects. Since neither value was above 1, there 
was no need to remove any cases. The variance of dependent variables of a Biomimicry 
Approach over the overall 15 predictor variables for architects was R=.664 (71.6% of variance) 
and for non-architects R =.716 (66.4%). 
Table 5.24: ANOVA  
 Model Sum of Squares df Mean Square F Sig. 
 Architects 
 Regression 31.535 15 2.102 5.925 .000b 
 Residual 15.966 45 .355   
 Total 47.501 60    
 Non-Architects  Regression 16.249 15 1.083 4.872 .000b 
  Residual 6.448 29 .222   
  Total 22.697 44    
a. Dependent Variable: Biomimicry Approach  
b. Predictors: (Constant), Design Software, Design Development, Organism, Primary Constraints, Conceptual, Climate 
Attributes, Spatial Efficiency, Secondary Constraints, Green Benchmarks, Space Utilization, Physical Attributes, Green. 
Attributes, Spatial Integration , Resource Efficiency, Behavioural 
Predictor	variables	for	overall	effectiveness	of	a	Biomimicry	
Approach	
Table 5.26 shows results of the standard multiple regression. Among architects (Table 5.25), the 
components spatial efficiency (beta =.706), resource efficiency (beta=-.640), space utilisation 
(beta= -.519) and physical attributes (beta= .505) were strong predictors of overall effectiveness 
of a Biomimicry Approach in architectural eco design practice. The two components (spatial 
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efficiency and resource efficiency) with the highest factor extraction were from the scale 
biomimicry principles (Figure 5.8). 
Table 5.25: Coefficients of components of architects and non-architects 
Components 
Std. 
coefficients Sig. Correlations Collinearity Statistics 
Beta Zero-order Partial Part Tolerance VIF 
Architects (R =.664 & Adjusted R2  =0.552) 
Spatial efficiency .706 .019 .51 .34 .21 .09 11.25 
Resource efficiency -.640 .038 .46 -.30 -.16 .08 12.04 
Space utilisation -.519 .016 .33 -.35 -.22 .18 5.71 
Physical attributes .505 .011 .56 .37 .23 .21 4.83 
Non-Architects (R= .716 & Adjusted R2 =0.569) 
Spatial integration .597 .050 .55 .36 .20 .12 8.70 
Organism .401 .002 .57 .54 .34 .73 1.36 
Dependent Variable: Biomimicry Approach (BA) 
The variable items contributing to the spatial efficiency component were: use energy and 
materials sparingly as a resource; optimise the system other than maximising the components 
and fit form to function. The third highest input was a ‘component’- space utilisation, of the 
scale ‘design propositions’, which included the variable items reduce over-designing; eliminate 
unutilised space or waste space; every space component to have multifunction; and fabric 
adapts to climate.  
The highest contribution to a Biomimicry Approach in architectural eco design practice among 
non-architects (Table 5.25) was the component spatial integration (beta = .597) under the scale 
design propositions, which includes the items every part be connected to the whole; understand 
ecosystem balance; spaces to be integrated not segregated; multifunctional materials and 
technology; form shapes as per environment; every space and component to be generated; 
create diversity by creating places of variety; and robust built form. The second strongest 
contribution among non-architects was organism based approaches, which includes in the 
design disciplines biomimicry, biophilia and nanotechnology. 
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Summary	
Descriptive statistical analysis (Appendix D1 and D2) was used to address some of the specific 
questions under the primary research questions: Q1― How effective are the ‘constituents’ a 
Biomimicry Approach in architectural eco design practice? and Q2― How effective are the 
‘scales’ of a Biomimicry Approach in architectural eco design practice? Exploratory factor 
analysis was employed to assess the relationship among dependent variables and to reduce the 
number of variables to a manageable size for standard multiple regression analysis. The 
components or factors identified by principle component analysis of exploratory factor analysis 
were taken as independent variables (Figure 5.8). Those independent variables with the highest 
correlation were used to address (Appendix D3) Q3― What are the ‘components’ of a 
Biomimicry Approach that correlates most effectively in architectural eco design practice? 
Standard multiple regression analysis identified the main predictors of ecological sustainability 
by assessing the overall effectiveness of a Biomimicry Approach in relation to concept, 
procedure and application in order to address Q4―  What are the most effective ‘predictors’ of 
a Biomimicry Approach in enhancing ecological sustainability in architecture? A T-test 
compared the mean scores of architects and non-architects and a box plot was used to show the 
distribution of selected continuous variables and their possible influence on the categorical 
variable (Figure 5.8). 
The following chapter presents analyses of the qualitative data obtained from the open-ended 
questions in the practice survey. The responses to open-ended survey items are used to support 
the analysis and interpretation of the quantitative data, while the other sources of qualitative 
data (interview transcripts and documentation of projects) are used to validate the findings from 
the quantitative analyses in order to address the research questions. This involves a discussion in 
Chapter 7 which further integrates and validates the results from analysis of the quantitative 
(Chapter 5) and qualitative data (Chapter 6). 
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Figure 5.8: Most effective predictors and the correlation of the ‘constituents’ and ‘components’ of a 
Biomimicry Approach 
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Chapter	6: 	
Qualitative	Data	Analysis	and	Results:	
Practice	Survey	
This chapter presents results from analyses of the qualitative data from the open ended items in 
the practice survey. It describes how the qualitative content analysis was conducted using three 
computer-assisted research techniques: word frequency, text search and matrix coding. The 
analysis involved both inductive and deductive procedures. First, the data were inductively 
examined to identify emergent patterns or themes. Then a deductive approach was used to relate 
them to previously established constructs (‘scales’ and ‘constituents’). “The adoption of formal 
deductive procedures can represent an important step for assuring conviction in qualitative 
research findings” (Hyde, 2000, p. 82). The qualitative data support and extend the findings 
from the primary research analysis (Chapter 5) by providing more in-depth understanding and 
suggesting new lines of inquiry. 
Data	Collection	
Responses to the open-ended items were collected via a web link to the online practice 
questionnaire (Appendix C1 and C2) through the SurveyMonkey identification tool. There were 
two forms of open-ended response items: a separate comment box (other) below two multiple 
choice questions and two Likert-type scale items, and two independent questions. The multiple 
choice items were: 
The Likert-type scale items were: 
Sq10: How important are the following software to help integrate physical attributes effectively 
when designing―Other? 
Sq14: To what extent do the constraints affect the final design outcome in using nature as a 
design approach―Other? 
 
The separate questions were: 
Sq6: If you use a different nature-based approach to the above to conceptualise design please 
comment. 
Sq15: Your comments/Additional information if any? 
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All response text was downloaded in Excel, PDF and SPSS format and the Excel spreadsheet 
was then transferred to NVivo 9.2. This is a qualitative data analysis computer software package 
that is used to store, manage and explore data and is a useful tool for content analysis (Leech & 
Onwuegbuzie, 2011). 
More than 25% of the 136 respondents (102) answered one or more of these open-ended 
questions. Overall, non-architects provided more responses (81) than architects (71), but the 
weighting in all six questions was similar. Both groups, in other words, expressed their views at 
a similar rate. 
Data	Analysis	
There are many techniques for qualitative content analysis. Most adopt an interpretive approach 
to the analysis of naturally occurring phenomena and mainly differ in relation to coding 
schemes and tests of trustworthiness (Hsieh & Shannon, 2005). In thematic analysis, the data 
are searched for themes or patterns that reflect particular epistemological and ontological 
positions (Braun & Clarke, 2006) mainly as part of inductive reasoning. The present study 
combines several of these approaches. 
The data were visually inspected by the author, both as a whole and for each question under 
separate categories (architects and non-architects). No clear strong pattern emerged at this stage 
(Appendix E). 
Computer-Assisted Qualitative Data Analysis Software Program (CAQDAS), Wordle and 
NVivo 9.2 (QSR International, 2011), were then employed to develop the analysis. These 
programs, which are used to capture, manage, explore and understand data, to discover new 
insights and identify patterns, supplement rather than substitute for the researcher’s creativity, 
insight and intuition (Leech & Onwuegbuzie, 2007). CAQDAS is especially helpful in cases of 
multiple sources of evidence, a large amount of data, and limited time. 
NVivo 9.2 provided three analytical tools for both inductive and deductive reasoning. Word 
frequency, text search for inductive reasoning and matrix coding for deductive reasoning, which 
were applied to each survey question and then to the whole dataset based on the themes and 
codes identified. In a sequential process, a word frequency count was first used to identify the 
most frequently used words. These highlighted words based on their importance to the topic of 
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inquiry were then subjected to a text search to link words with phrases and concepts for 
meaning. Finally, matrix coding was used to identify trends and relate these to the previously 
established constructs (scales and constituents) of a Biomimicry Approach. This process 
revealed minor emerging patterns and semantic hierarchies (inductive reasoning), which were 
then related to already established constructs and their appropriate themes and concepts 
(deductive reasoning). Coding helps to generate new ideas and gather material related to a 
particular topic. It is a method of data retention rather than data reduction (Richards, 2009). 
Some codes were derived inductively from the data (in NVivo codes) and others from a priori 
categories identified in the quantitative analysis. 
Word frequency was conducted using the software program Wordle. This helped to identify 
minor patterns of most commonly used words under each question, which were categorised 
under architects and non-architects. All responses were then combined under each group and 
word frequency was again conducted using both Wordle and NVivio 9.2. This was done to 
increase reliability and credibility of the analysis. A preliminary interpretation of the results was 
made by the author (Appendix E1-E6). 
Next, a text search was performed for the most frequently occurring words by combining all 
responses to identify connections to key concepts and phrases most relevant to the topic of 
inquiry. These were initially coded by the author and then with the assistance of NVivo 9.2. 
Matrix coding combined coded items and compared categories to explore patterns in the data 
and identified constructs related to a Biomimicry Approach. This was accomplished by locating 
and combining all content coded at selected nodes and attributes. 
Exploring	Patterns	from	most	frequently	used	Words:	
Word	Frequency	
The raw data (responses from non-architects and architects) were initially explored through a 
word frequency count under each question (Sq4, Sq6, Sq10, Sq14 and Sq15) separately to 
identify patterns of most frequently used words. Under each question, a count of the 15 most 
frequently used words by architects and non-architects was conducted and some of the common 
words were eliminated. This helped to identify themes and maintain analytical integrity (Miles 
& Huberman,). Next, a word frequency count was conducted on the combined responses to Sq4 
Nature as a guide to design and Sq6 Nature based approaches to identify the most frequently 
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occurring word patterns. Finally, all responses from all open-ended items were combined, but 
under separate groups (architects and non-architects), prior to the next level of analysis (text 
search) to identify the most frequently used important phrases to the topic of inquiry. 
Nature	as	a	guide	to	design		
Sq4 was In what way do you use nature as a guide to design. Quantitative data were collected 
via a multiple choice question that included the categories concept, procedure and outcome 
(Chapter 5). The open-ended item other collected qualitative data. Some 14 non-architects and 
12 architects responded to this item (Appendix E1). 
Among non-architects, the most frequently occurring words were system, nature, use and 
emulate, followed by different, forms, adapt and design (Figure 6.1). This analysis does not 
indicate whether the words were associated with a positive, negative or mixed attitude. 
 
Figure 6.1: Word frequency Sq 4-Nature as a guide (non-architects) 
Architects mostly used the word nature, followed by design, and then site, form, understand, 
context, learn, things, mean, and look (Figure 6.2). 
 
Figure 6.2: Word frequency Sq 4-Nature as a guide (architects) 
While non-architects assigned equal weight to nature, system, design and use, architects’ 
responses weighted nature and design differently. This suggested a minor pattern in which 
architects mostly talk about nature, design and form with context and site, while non-architects 
refer to nature, design and form with systems and processes. In both groups, the words nature 
and design occurred most frequently. There were 26 responses in total, 12 from architects 
(Figure 6.4) and 14 from non-architects (Appendix E1). 
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Nature	based	approaches	
Sq.6 asked respondents if they used any other nature based approaches to conceptualise design. 
Sq.6 generated far more detailed responses than Sq4. Some respondents went so far as to 
include web links to their own work and other sources of additional information about nature 
based approaches. These two questions essentially address the same topic but were worded 
differently to avoid response bias. There were 30 responses in total, 13 from architects (Figure 
6.4) and 17 from non-architects (Appendix E2). 
 
Figure 6.3: Word frequency Sq6-Other nature based approaches (non-architects) 
Non-architects (Figure 6.3) mostly used words like nature and design, followed by process, 
looking, natural, different and system while architects (Figure 6.4) favoured nature and building 
followed by project, mimic, specific, understand and particular. 
 
Figure 6.4: Word frequency Sq6-Other nature based approaches (architects) 
The pattern of responses was similar to that for Sq4 among both groups, but included additional 
words such as building, build, particular and mimic. Both Sq4 and Sq6 inquire about a 
Biomimicry Approach in relation to natural approaches and guides to design, but the questions 
were structured differently to increase trustworthiness. 
Word frequency was also calculated by combining both sets of responses under each 
category―architects and non-architects (Figure 6.5). This was done mainly to verify whether 
saturation had been reached level which highlights the same word pattern as other previous 
queries. This involves recognising different patterns which could give an indication for 
identifying the characteristics and meaning to already establish constructs of Biomimicry 
Approach (Chapter 4). 
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Figure 6.5: Word frequency Sq4 and Sq6 (non-architects) 
Combining the responses from both questions generated an important pattern or hierarchy of 
words. The most important words identified by non-architects were nature, design, system, 
different and natural. The process also helped to identify words with similar meanings, such as 
understanding and looking, natural and nature. 
 
Figure 6.6: Word frequency Sq4 and Sq6 (architects) 
Among architects (Figure 6.6) the word nature occurred most frequently, followed by building 
and words of less weight such as understand context, form, project and design. 
Design	software	
Sq10 asked respondents which software they used mostly to integrate physical attributes into 
design. A list of relevant software was followed by an open-ended item (other) for additional 
information. Architects gave 17 responses and non-architects 12. Both groups identified other 
kinds of software and also elaborated on their use of the listed software (Appendix E5). Non-
architects identified other important design software (Figure 6.7) as TRNSYS, REVIT, 
ArchiCAD, Vasari, IEA SHC Task 41, Rhinoceros 3D modelling, Goldfire, FreeCAD, 
OpenCFD, ICE software, Solid Works and Sefaira. Architects mentioned Archi-CAD, 
VectorWorks, GIS, Rhino, Grasshopper, Ecosim, Vectorworks, Archicad, Archicad, Bers Pro, 
Catia, ETABS, Generative Components, ANSYS, SAP and DataCadd. 
 
Figure 6.7: Word frequency Sq10-Design software (non-architects) 
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Under design software, words like use, design, Solid Works and fees were used most often by 
non-architects. Architects (Figure 6.8) mentioned programs such as Rhino, Revit, Grasshopper 
and Vector and words such as works, models, pencil and paper, generate, use and architecture. 
 
Figure 6.8: Word frequency Sq10-Design software (architects) 
These were considered to be additional information about ‘design software’ for a design process 
incorporating a Biomimicry Approach. Rhino with Grasshopper plug-ins and Revit were 
identified by architects as the most relevant software in using Biomimicry as a design approach. 
Design	constraints	
This was the least frequently answered open-ended question. Non-architects had 6 responses 
and architects had 5 (Appendix E4).Their answers may have been influenced by the items listed 
in the Likert-type scale. 
 
Figure 6.9: Word frequency Sq14-Design constraints (non-architects) 
Under design constraints, non-architects (Figure 6.9) most often used the word think while 
architects used variables and multiple. The words efficiencies, government and educating were 
used by non-architects and particular, developed, difficulty and costing were used by architects 
(Figure 6.10). 
 
Figure 6.10: Word frequency Sq14-Design constraints (architects) 
Neither group provided much elaboration under design constraints, but identified some themes. 
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Comments/additional	information	
Of the 27 responses to this item, 15 came from non-architects and 12 from architects. Both 
groups provided a wide variety of information (Appendix E3). This section included positive 
and negative comments, suggestions for future development, constraints, attitudes and nature-
related disciplines of relevance to the ‘constituents’ and ‘scales’ (constructs) of a Biomimicry 
Approach. 
 
Figure 6.11: Word frequency Sq15-Additional information (non-architects) 
The most frequently occurring words among non-architects (Figure 6.11) were design and one, 
followed by (in order) nature, difficult, questions, biomimicry, sustainability and projects. The 
most frequently used words among architects (Figure 6.12) were building, design, biomimicry, 
nature, project, questions and approach (in order). The words Biomimicry, nature and design 
were used by both groups. 
 
Figure 6.12: Word frequency Sq15-Additional information (architects) 
	
Profession	
Both groups identified professional affiliations other than those listed. These included 
ecological sustainability, education, research and biomimicry. This indicates the extent of 
professional diversity among architects and non-architects. 
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Figure 6.13: Word frequency-Profession (non-architects) 
Non-architects gave 23 responses and architects gave 14. Non- architects (Figures 6.13) 
identified biomimetics, architects, designer, engineer, scientist, biologist, urban planner and 
researcher while architects (Figures 6.12) mentioned urban planner, design consultant and 
biomimicry. There appears to reflect more multi-tasking among non-architects than among 
architects (Appendix E6). 
 
Figure 6.14: Word frequency-Profession (architects) 
 
Overall	word	frequency	
All responses from both groups were combined independently and subjected to a word 
frequency count. The ten most frequently occurring words among non-architects were (in order) 
design, nature, use, one, different, process, architecture, system, questions, biomimicry, 
different, system, sustainability, and designer. 
 
Figure 6.15: Overall word frequency (non-architects) 
Architects most often referred to (in order) building, nature, design, biomimicry, project, urban, 
understand and use. Both groups used design, nature, biomimicry and use. Non-architects 
(Figure 6.15) mostly referred to system, process, different and difficult while architects (Figure 
6.16) mainly used buildings, projects, urban and use. 
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Figure 6.16: Overall word frequency (architects) 
A similar word frequency count using NVivo 9.2 with an adjusted word limit of 25 was 
conducted separately for both groups. Similar words were combined to enhance trustworthiness. 
Common words were retained and similar words were combined as shown in Table 6.1 (non-
architects) and Table 6.2 (architects). In NVivo 9.2, word tag (similar to word frequency in 
Wordle) and cluster analysis helped to identify the hierarchical structure and pattern of words 
and their relationship. A high number of connections (based on word frequency) were shown as 
a cluster. A two-dimensional diagram shows similar items clustered together and different items 
further apart. A tree map (a diagram that shows hierarchical data as a set of combined rectangles 
of different sizes) was also used to indicate the weighting of coding references. 
Weighted percentages (Tables 6.1 and 6 2) show the occurrence of words in relation to the total 
word count after synonyms were combined. Table 6.1(non-architects) show the same words, but 
with a different weighted percentages: design (2.83%), nature (2.24%), use (1.85%), process 
(1.07%), questions (1.07%) and system (1.07%). The word biomimicry is weighted 0.68%. This 
reflects the combination of similar words. 
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Table 6.1: Word frequency of similar words with weighted percentages (non-architects) 
 
The word frequency results for non-architects showed the words design, nature and use occurred 
most frequently, followed by systems and processes. It would be useful to know what is being 
suggested by words like different and difficult. It was noteworthy that biomimicry was used less 
(Figure 6.17) often than other words with similar meaning such as nature, process and systems. 
 
 
Figure 6.17: Overall word frequency (non-architects) 
         Codes used by both groups          Most important codes
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It would be interesting to know what words linked to biomimicry and what non-architects have 
to say about sustainability, projects, and adaptation. 
In the cluster analysis for non-architects (Figure 6.18), biomimicry is located further away from 
process, nature and design, but is closer to engineering, adapt and use. There is a closer 
relationship with nature, system, design and different. Another cluster contains project, difficult, 
need and from. The word process is far away from biomimicry. 
 
 
Figure 6.18; Overall cluster analysis (non-architects) 
In relation to word frequency among architects, building (2.78%), design (2.62%), nature 
(2.14), about (1.58), use (1.27) and very (1.06) have fairly high weighted percentages after 
similar words are combined. However, the weighted percentage of the word biomimicry is 
0.78%. Here the words building and design combined the greatest number of synonyms, which 
increased the weighted percentage. It would be useful to investigate the significance to 
architects of words such as approach, programming, context, system, project, model and 
particular to. 
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Table 6.2: Word frequency of similar words with weighted percentages (Architects) 
 
While word tag highlighted the words most used by architects (Figure 6.19). Table 6 2 shows 
the word count, weighted percentage and similar words, which give a fair indication of the most 
frequently occurring words. Words building, design, and nature has been used most. 
 
Figure 6.19: Overall word frequency (architects) 
It was interesting to note the comments about biomimicry and, in particular, how it is connected 
to other words. Cluster analysis (Figure 6.20) showed that architects made more connections 
than non-architects between identified words. The distance between word groups such as system 
and project and biomimicry, client and time indicates that building, nature and materials are 
quite isolated. 
         Codes used by both groups          Most important codes
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Figure 6.20: Overall cluster analysis (architects) 
However, program, context, approach and urban are closely connected while urban is also 
closely linked with design and nature. Design, building and materials are connected. 
Since nature and design are the words most frequently used by both groups, this suggests that 
these words are best suited to analyse the relationship with biomimicry. Overall word frequency 
gave an indication of the words most used by architects and non-architects and the words most 
commonly used by both groups. The common words used by architects and non-architects were 
nature, design, system, architect, understand, use, biomimicry, research and projects (Table 6.1 
and Table 6.2). Once these words had been identified, the next phase (text search) was 
implemented to find the meaning of most significant words associated to the topic of inquiry. 
Exploring	Occurrences	of	Words	to	Phrases	and	
Concepts:	Text	Search		
Text searches were initially conducted on the identified words with the heaviest weighting (as 
shown by word frequency) and those of most relevance to the inquiry were selected. A word 
frequency count was conducted on all combined text of all responses, with a separate count for 
architects and non-architects. A word tree was used to find exact words, and similar concepts 
and phrases were highlighted. The word tree also identified words that were similar and 
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different in each group. The words common to both groups were nature, design, use, 
biomimicry, understand, research, system and process, but the weightings differed. 
This process identified important phrases and concepts relating to a Biomimicry Approach and 
linked the words with the phrases. Words that had lower weightings but which may have been 
significant were identified and another text search was conducted. Among architects, the most 
meaningful and weighted words were building, context, use, project, system, approach, 
research, biomimicry and urban. Among non-architects these were systems, process, 
biomimicry, use and research. These words and phrases were subjected to a series of text search 
queries, which indicated minor emergent patterns. In this instance, the most heavily weighted 
words (nature and design) were not considered since they were the subject of inquiry and were 
closely related to the other words and phrases. The words used by both groups (biomimicry, 
process, systems and project) were selected for an in-depth text search to understand the 
meaning of the phrases and other verbatim material. 
Biomimicry	as	perceived	by	eco	practitioners	
The text search on the word biomimicry among non-architects identified many phrases (Figure 
6.21). One participant suggested that different understandings of biomimicry are needed and 
that biomimicry needs to be investigated further. 
 
 
Figure 6.21: Text search on biomimicry among non-architects 
The comments included: 
– Need to do some more research about different understandings of biomimicry in particular 
.(R-01)  
– Very interesting project would be interested in get involved. Especially, applying 
biomimicry, in high rise and residential planning. Also using these in the context of urban 
planning i.e. inspiration taken from the humble leaf or the process of caterpillar to butterfly, 
which has very significant information that can be adapted both in the process of 
architecture as design process .I am interested in seeing this utilised more opening in 
architecture .(R-17) 
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These comments suggest that biomimicry is best applied in high rise and residential buildings 
and to urban planning. In other words, it is an appropriate approach for use with any scale of 
project (micro to macro level). It also suggests natural processes can be used as inspiration in 
architectural design. 
– Questions seem to focus on building projects. Biomimetic is used in a much wider way 
from business process through to product development. Questions are limiting in this 
sense and also make assumptions on audience knowledge about buildings. Approaches 
such as Business Biomimetic are missing from the list - might have helped if each 
method was explained (R-113). 
Another participant noted that biomimetic, which is also a synonym for biomimicry, is used by a 
wide range of disciplines, from business processes to product development and emphasis that 
the approaches such as business biomimetic are missing from the list. 
– We can use biomimicry as a basis for these design principles. As far as Life's Principles 
go, these are all important. There are some architects that inherently design with nature 
already, in particular the ones that already are seeking out to biomimicry.(R-32) 
Biomimicry is seen as a basis for design principles (Sq11, 12, 13) based on ecology and nature. 
The following comment from a non-architect about architects suggests that some architects do 
design with nature and that what they are seeking is biomimicry: 
– my work does not include the design of things directly, but instead uses writing, 
advocacy and outreach to educate the building industry about restorative processes and 
the need to gauge success based on how human habitat functions like nature. 
Biomimicry and Biophilia are at the core of our philosophy.(R-35) 
– these are all passive design strategies should occur from an architect, regardless of any 
influence from biomimicry...e.g., ecological design (Van der Ryn), or Sun, Wind & 
Light (Brown/DeKay).(R-32) 
Biomimicry is seen as a as a key philosophy along with biophilia, which is closely related. They 
provide a basis for educating the building industry about the need to gauge success according to 
how a human habitat functions as nature does. This implies that architects should consider 
ecologically sustainable principles regardless of whether or not they are called biomimicry. It 
should be noted, however, that most such principles have developed from an understanding of 
how natural systems operate. 
It was interesting to note the comments made about nature by non-architects. These related to 
the themes identified as a Biomimicry Approach and revealed their attitudes towards using 
nature as an approach. Text search identified many references to the words nature, natural and 
natures as synonyms while most phrases were closely connected to the same references under 
biomimicry. 
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The text search on the word biomimicry (Figure 6.22) showed what the architects considered 
biomimicry to be, the type of buildings to which they believed it is more applicable and some of 
the design constraints they identified. 
 
Figure 6.22: Text search on biomimicry among architects 
 
Relevant comments on biomimicry from architects included: 
– Biomimicry is very hard to match with cultural or historical constrains because 
biomimicry is about adaptation and performance while culture is about identity and 
people character. Biomimicry is very useful for performance driven design or evidence 
based design such as healthcare facilities. Biomimicry features tends to be expensive 
because of its relationship with very novel or non-practical technology for buildings 
(NASA, ongoing research, emergent materials).(R-03) 
A few constrains or limitations were identified. These included observations that it is very 
difficult to connect biomimicry with culture and history and that its features can be expensive. 
However it is seen as a useful performance-driven design approach. In relation to health care, 
for example, a building has to perform a series of functions in a sequential way, and a 
Biomimicry Approach can provide insight into the appropriate type of building. This view 
conceptualises biomimicry in relation to adaptation and performance. It further emphasises the 
fact that building type and performance can be weighted in biomimicry. This suggests that 
biomimicry is most appropriate to high performance buildings such as hotels, restaurants, 
factories, theatres and cinemas, in which the design is driven by function. 
– I participate in a young biomimicry group in our office to learn how to understand and 
emulate natural forms and processes.We are currently in the exploratory phase of 
embracing biomimicry and at this point we are more curious than knowledgeable. We 
have an inspired leader and a small group of about 12 who meet monthly to discuss 
news, ideas, approaches, etc .(R-59) 
– Hope we can built actual model with the help of biomimicry in near future.(R-09) 
 
These comments show that some practices are seeking to understand and emulate natural forms 
and processes. Some are in an exploratory phase and are curious about the potential of this 
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approach to design. This suggests the need to develop a model using biomimicry as a tool for 
designers.  
Overall the text search on biomimicry among architects and non-architects suggested recurrent 
themes and values in relation to the ‘constituents’ of a Biomimicry Approach (‘concept’, 
‘procedure’ and ‘application’). Some of its ‘scales’, components and even variables were 
identified for further verification. 
Process	as	perceived	by	eco	practitioners	
The text search on process identified the most relevant phrases among non-architects (Figure 
6.23). 
 
Figure 6.23: Text search on process among non-architects 
The following quotes convey understanding of the various procedures in a combined system 
that exists in a natural environment: 
– Regenerative design to spark conversations as part of a discovery process for seminar 
delivery, for understanding the dependencies of different processes in a unified system. 
(R-120) 
– The ecosystem of the design, in social and material sense, is considered in our process. 
We also try to make the design tuned to evolve or stay constant based on analogies of 
the ways that life evolves (R-112) 
– …restructuring the actual design process itself by understanding it more as an 
evolutionary process. (R-72) 
– ..for understanding the dependencies of different processes in a unified system. (R-89) 
– …to educate the building industry about restorative processes and the need to gauge 
success based on how human habitat functions like nature(R-35). 
– Inspiration taken from the humble leaf or the process of caterpillar to butterfly which has 
very significant information that can be adapted both in the process of architecture as 
design process (R-17). 
Regenerative design is a concept, based on systems theory, which refers to understanding of 
different processes. A regenerative system generates no waste because it is used as an input. 
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Whilst sustainable design aims to provide for fundamental human needs, regenerative design 
goes beyond this by planning for the future co-existence and co-evolution of humans and other 
species. 
The constituents of the functioning of an ecosystem need to be considered in the design process 
in relation to social interactions and selection of materials. Many comments with regard to this 
process reflected an understanding of the ecosystem in terms of an evolutionary and restorative 
process. Many nature-based approaches can be adapted in the architectural design process by 
understanding the interdependencies in a functioning ecosystem. Some viewed regenerative 
design as a discovery process which takes a nature as a design approach. 
– I haven’t used programs above in design process. Rhinoceros 3D is best 3D-modeling so 
far I have met, simply because making and editing models in it is simplest. Used 
programs above in design process. Rhinoceros 3D is best 3D.(R-131) 
Most of the listed software in the practice survey was least used. Rhinoceros was considered the 
best program for design involving integrated strategies. 
Text search on process identified fewer phrases among architects than non-architects 
(Figure 6.24). 
 
Figure 6.24: Text search on process among architects 
The following were some direct quotes identified by text search: 
– AS architects, we often attempt to build compatible with Nature. To respect nature does 
not always mean to mimic it: which is often difficult unless one knows fully well how 
nature works. To my mind, we know very little of Nature's processes, although its 
products are seen and appreciated always. learn how to understand and emulate natural 
forms and processes.(R-74) 
– Inspired by the basic ingredients of life, namely energy and information (the DNA 
molecule), I designed a whole model to mimic how life is generated and the underlying 
geometric model based on symmetry groups of the plane and the dotless plane. Or how 
chemical, physical processes become morphogenesis. Catastrophe theory, Hjelmslevian 
and Greimasian semiotics enabled me to create the models.(R-79) 
Such statements suggest that some architects are not very familiar with how natural processes 
operate, while others are in the process of understanding how to emulate them. A few have tried 
to understand chemical and physical processes in terms of morphologies, by using theories such 
as Catastrophe theory, Hjelmslevian and Greimasian semiotics to create models. Catastrophe 
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theory describes the evolution of forms in nature based on the principle of minimisation. It has 
produced a variety of models and is mostly applied in the social and biological sciences. 
Overall the text search conducted on process among architects and non-architects revealed some 
interesting information on design theory, model, principles and about restorative processes 
respectively, based on nature. 
System	as	perceived	by	eco	practitioners	
Text search on systems among non-architects identified phrases relevant to a biomimicry 
approach (Figure 6.25). 
 
Figure 6.25: Text search on system among non-architects 
Comments by non-architects on systems included the following: 
– System design by applying system theory to open interactions between different 
ecospheres. System theory for understanding nature as system, which creates "emergent 
phenomena’s" by interaction of different components in nature.(R-131) 
– Systems engineering is a key discipline. (R-122) 
– for understanding the dependencies of different processes in a unified system (R-89) 
– .An integration approach looking at non related biological systems … an integration 
approach looking at non related biological systems. (R-113) 
– I am trying to get out the simplicity of nature from complex natural systems.(R-89) 
– Intentionally asking and receiving information directly from an organism or natural 
system.(R-48) 
– ….it is the current sustainability system that contractors, engineers & architects depend 
upon, so this is the leverage point for me to embrace it as a common language (R-32) 
– I am trying to get out the simplicity of nature from a complex natural system. (R-89) 
Non-architects viewed systems theory as a system design and system engineering discipline. 
These are seen as key disciplines for understanding the interdependencies of different processes 
in an integrated approach. Their comments suggest that systems theory is seen as a systems 
approach, which views the natural world as an integrated system. The systems design approach 
seeks to understand a phenomenon, nature as a system of interconnected, interdependent and 
interacting problems. It focuses awareness on the whole, as well as on the complex 
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interrelationships among its constituent parts. This type of relationship is analogous to processes 
in biology. 
Systemic processes obeying natural laws in the cultural sphere can best be illustrated through 
analogy with laws in the biological realm. The rational basis for natural laws governing the 
evolution of human social and psychological systems can be grasped through comparison with 
analogous processes in the life sciences. 
Text search query conducted on system among architects (Figure 6.26) has identified lesser 
amount of phrases. 
 
Figure 6.26: Text search on system among architects 
Comments on system among architects included the following: 
– We have limited knowledge about ecosystem .We hardly think about close loop system 
in our day to day.(R-76). 
– Difficulty of ratifying from engineers perspective systems with multiple variables and 
lots(R-12). 
– Eco-system services and whole-system dynamics (R-105) 
–  People and real estate ones in particular have evaluation system that is out of date. 
Depending on the size of the project and client, larger systems are so ingrained in 
building procedures these days with tight schedules and cost per sq meter or foot. People 
and real estate ones in particular have evaluation system that is out of date, and won't 
change. (R-100) 
Most comments referred to natural systems as nature or natural. Most systems indicated by 
architects are based on natural systems―directly mimicking an organism, energy system or 
complex natural or biological system. Some architects emphasised the importance of whole-
system dynamics. These concepts are part of systems theory and relate to the energetic 
behaviour of complex systems. The classification is based on recognition of the fact that the 
entire structure of any system is often as significant in determining its performance as the 
individual elements. 
Both architects and non-architects emphasised the holistic connection to systems theory. 
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	Project	as	perceived	by	eco	practitioners	
Text search on project identified fewer phrases among non-architects than architects. 
 
Figure 6.27: Text search on project among non-architects 
 
– Very interesting project would be interested in get involved.(R-17) 
– Having worked as a biomimicry consultant on built environment projects, I’ve got some 
more specific feedback that I hope helps.(R-32)  
– Just depends on your brief and project context. There are endless areas to peruse when 
emulating nature….. since its project specific (R-69) 
– ... ….adapted for an individually constructive project and difficult to understand.(R-94) 
– Questions seem to focus on building projects. (R-113) 
Most non-architects (Figure 6.27) commented that the applicability of natural concepts depends 
on the brief― client’s requirements and the environmental context of the site. In other words, it 
is project specific. Most questions seem to be focused on building projects. Text search 
identified many phrases relating to projects among architects (Figure 6.28). 
 
Figure 6.28: Text search on project among architects 
– The limitations on most projects have come from internal constraints (within the 
practice) not allowing sufficient resources and fees required to carry out the necessary 
research and explorations. (R-87) 
– Research-to fully understand the site/context of a project, it's natural habitat. (R-90) 
– Answers could vary a lot depending on the project. (R-12) 
– I am not so methodological! In one project my concept was to take building material 
from around the site. (R-91) 
– I am not so methodological! In one project my concept was to mimic nature of the 
project and client, larger systems….own time and profitability. 
– Larger projects are what they are, business. (R-100) 
– I would answer these questions differently for every project - here I have tried to provide 
my normative expectations based on previous experience. But with each project there 
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are different circumstances. Is the project urban or rural? Is it off the grid or on? Is the 
project a major public building or a holiday house, do I have a paying client, or am I the 
client?(R-91) 
–  how can that be harnessed by the form of the building? Same for sun angles, same for 
flow of user traffic... and many other things specific to any project. By assigning these 
various forces vectors with weighted coefficients, we can parametrically determine the 
'optimal' form of a building for its specific 'context'.(R-51) 
Most of these statements by architects were very specific, indicating that applicability of 
biomimicry or natural concepts depends on the type of project (public or private), the context 
(urban or rural) the circumstances (profit- or environment-oriented) and the type of client. A 
few also mentioned the scale of the project as a consideration in applying some of these nature 
based approaches to design. 
These were then used to further explore the connections to already established constructs 
(constituents and scales) of a Biomimicry Approach. Text search also assisted with coding of 
the themes and to make connections with existing themes of a Biomimicry Approach. Many 
references fell under several codes. Both non-architects and architects emphasised that a 
Biomimicry Approach depends on the type of project and its scale in architectural practice. 
Exploring	Trends	and	Analysis	of	Concepts:	Matrix	
Coding		
Identifying themes via text search clarified the meaning of concepts and phrases. The next level 
of analysis involved matrix coding, using NVivo 9.2, to further test ideas and explore patterns 
emerging from word frequency and text search. These were used to identify the connections to 
already established constructs (‘scales’ and ‘constituents’) and other additional themes related to 
a Biomimicry Approach, as expressed by both groups. The texts categorised by profession 
(architect and non-architect) were further classified by creating codes into emerging themes and 
matched with previously established constructs (‘constituents’ and ‘scales’) of a Biomimicry 
Approach. In NVivo 9.2 nodes are similar to codes. Initially, nodes were created using the 
questions directly asked about using nature as a design approach (sq4, sq6 and sq15). The same 
information was used to categorise the attitudes (positive, negative and mixed) of eco 
practitioners. Next, emergent (new) themes were identified and categorise phrases related to the 
originally identified constituents of a Biomimicry Approach (form, process, ecosystem, model, 
measure, mentor, direct and indirect) were categorised. Others were categorised into already 
identified themes such as ‘scales’ of Biomimicry Approach. They involved ‘design disciplines’, 
‘guiding tools’, ‘design propositions’, ‘design principles’, ‘design software’, ‘design 
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constraints’, ‘design stages’, ‘design attributes’, and ‘physical attributes’. This suggested some 
additional information about already established constructs and new ideas for a Biomimicry 
Approach. Most references were classified under two or more codes. This involved an 
interpretive process on the part of the author. Rather than categorising each comment under the 
nodes, different meanings were categorised regardless of the number of references. 
Using	nature	as	a	design	approach		
This initial coding gave an overall picture of the weighting of the responses (Figure 6.29). More 
non-architects had responded to the three questions (Sq4, Sq6 and Sq15) about using nature as a 
design approach. This suggests that non- architects were more enthusiastic than architects about 
a Biomimicry Approach in architectural eco design practice. Most responses of non-architects 
appeared in Sq6-Nature based approaches. For this query the total responses of non- architects 
were 47 and 31 for architects for this query. Some provided in-depth description, including web 
links, in this category. Although the inquiry focused on using nature as an approach in 
architectural eco design practice, more non-architects than architects expressed their views. This 
analysis was used to code the references relating to attitudes (positive, negative and mixed) 
about using nature as a design approach in architecture. 
 
  
 
 
 
 
 
Figure 6.29: Matrix coding of using nature as a design approach among architects and non-architects 
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Attitudes	to	using	biomimicry	as	a	design	approach	
The majority of non-architects expressed very positive attitudes towards a Biomimicry 
Approach to architectural eco design practice. Architects’ attitudes were mainly mixed or 
slightly negative. Both groups had an equal number of negative comments. Text search also 
contributed to the coding of attitudes (Figure 6.30). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.30: Attitudes of architects and non-architects to a Biomimicry Approach 
Many non-architects claimed that the words emulate and mimicry were misused and 
misinterpreted (for example, “don’t emulate nature...adapt” and “emulate is a wrong word”). 
The variety of responses and the vagueness or irrelevances of some answers suggest that the 
question itself may have lacked clarity, especially in relation to interpreting words like nature. 
Constituents	of	a	Biomimicry	Approach	as	perceived	by	eco‐
practitioners	
In Chapter 2, the ‘constituents’ of a Biomimicry Approach were identified under three main 
categories: ‘concept’ (model, mentor and measure); ‘procedure’ (directly and indirectly 
mimicking); and ‘application’ (form, process and ecosystem). Multivariate statistical analysis 
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identified statistical correlations among these and with levels of efficacy of eco practitioners’ 
perceptions. Matrix coding was applied to relevant comments by both groups (architects and 
non-architects) and these were coded under each of the a priori categories (Figure 6.31). Rather 
than coding each comment as a number, ideas with a similar meaning were grouped as a 
reference item. As a result, many references were coded under more than one category. 
 
 
Figure 6.31: Matrix coding for constituents of a Biomimicry Approach (architects and non-architects) 
As shown in Figure 6.31, with the exception of the code ecosystem, non-architects provided 
more detailed responses on the constituents than architects. There was a significant difference in 
the code measure between the two groups, with non-architects indicating a much higher rate of 
indicating using nature as a measure. The comments under the theme measure indicated that 
nature can be used as a means of appraisal in a number of ways, for example: “sustainability 
compass”, “a benchmark”, “ecosystem service analysis” (which is coded under both measure 
and ecosystem); and using “nature’s principles to test life like prototype and to determine 
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characteristic statistics” and “constants” and “indirectly using Fibonacci principles in 
proportions” (which was coded as measure, mentor and indirect). 
A few architects made comments related to measure. One emphasised its role “as an outcome 
verification/comparison and.... [for] site and context analysis”  Another mentioned “ecosystem 
services” and “whole system dynamics”, which refers to both measure and ecosystem. Non-
architects, however, used more meanings and gave higher weightings under this code than 
architects. It seems that non-architects use nature as a measure in a variety of ways, while 
architects focus more on its use in analysing the site and context. 
Other comments from non-architects included: “asking and receiving information directly from 
an organism or natural system” (coded under directly mimicking and model); “try to make the 
design tuned to evolve or stay constant based on analogies of the ways that life evolves” 
(directly mimicking and model). Some saw nature as way to “adapt multi-physical concepts” 
(directly mimicking, mentor and process), while a few emphasised “systems engineering is a 
key discipline”, “system design by applying system theory to open interactions between 
different ecospheres and systems theory for understanding nature as a system, which creates 
emergent phenomena’s by interaction of different components in nature” (directly mimicking, 
process, the ecosystem and mentor for a new way of viewing design). This statements, 
“butterfly effect looking at nature and how an anti-pattern to chaos theory can be used to derive 
at form of architecture which respond to change in environmental condition” and “a way to 
reverse the effects of damage caused or reduce the effects “implies directly mimicking, mentor 
and ecosystem and could also be seen to reflect understanding nature as a systems thinking 
approach to architecture. The phrase “use organism to grow forms” was coded under direct, 
form and model. 
Architects contributed a few ideas under the codes directly mimicking and process. For 
example, “need to focus on the watershed as an entire organism”, and “learn from their 
[natures’] morphology performance (relationship between environmental inputs and the form)”. 
The comment “uses urban secessionism to understand cities” can be coded under ecosystem and 
directly mimicking. 
Non-architects viewed nature in different ways, for example using nature as a mentor “design 
patterns”, “normally response to nature and natural phenomenon’s”, “nature serves as a 
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reminder/check list”, “as inspiration and its various strategies”, “biomimetic in energy systems” 
and using nature as an “consultant”. Most comments linked to other codes as well. For example, 
“as a background in which the design has to disappear in terms of ecological print to some 
extent we also follow existing contours of Greenfield sites to minimise cost and to conserve 
energy” can be coded under mentor and ecosystem. 
Most architects took nature as a stimulus to design. For example, as a mentor: “look to all things 
as design inspiration”, “Some bits are more or less well adapted over various time frames”, “I 
use fiction as a way to prod the imagination toward more creative solutions”, “those with more 
scientific minds can make the ideas happen”, “use common sense also; we humans are also part 
of nature; we have all the ideas already, but in the past we quit those ideas” and “embracing as a 
new way of thinking”. These comments: “biomimicry is very useful for performance driven 
design or evidence based design such as healthcare facilities” and “inspired by the basic 
ingredients of life, namely energy and information (the DNA molecule)” can be coded as 
process and mentor. 
The majority of architects commented on the importance of the interaction between context and 
client’s needs in influencing the concept and built form, for example: “detailed site/context 
analysis”, “research-to fully understand the site/context of a project, its natural habitat”, “in one 
project my concept was to take building material from around the site”, “concepts come from 
site and client interactions, and needs, it does not really guide, but influence how we look at 
design and building”. This implies mentor and indirectly mimicking approach. 
Non-architects noted that biomimicry life principles are important to ecologically sustainable 
design, for example: “as for Life's Principles go, these are all important”, “It is important to 
distil respective strategies from place, ecosystem of design, in social and material sense, is 
considered in our process” and “questions about regenerative to spark conversations as part of a 
discovery process” (indirectly mimicking and ecosystems). 
Architects mainly saw “form as product of context”. For example: “By assigning these various 
forces vectors with weighted coefficients, we can parametrically determine the optimal form of 
a building for its specific /'context'” (form and process). Similarly: “organisms (buildings) 
respond to/grow to suit their environment (context). If the wind tends to blow west-east on a 
particular site, how can that be harnessed by the form of the building? Same for sun angles [and] 
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for flow of user traffic and many other things specific to any project” (ecosystem and form). 
Non-architects mostly saw form as “a concept for innovation in non-material’s engineering”. As 
examples of indirectly mimicking approach to using nature, some architects commented: “as an 
investigation of green solutions, energetic of place, concepts”, “site and place”, and “interaction 
[with] design with nature”. Non-architects referred to indirectly mimicking solutions, for 
example: “sustainability frameworks”, “different frameworks all have their relevance toward 
respective design challenges”, use of “life principles” and seeing “biomimicry as a basis for 
design principles”. 
Architects described many ways of using nature as a model: 
– Inspired by the basic ingredients of life, namely energy and information (the DNA 
molecule), I designed a whole model to mimic how life is generated and the underlying 
geometric model based on symmetry groups of the plane and the dotless plane. Or how 
chemical, physical processes become morphogenesis. Catastrophe theory, Hjelmslevian 
and Greimasian semiotics enabled me to create the models (R-78). 
– It is important to distil respective strategies from place. For instance, particular strategies 
are more pertinent in a rain forest than in the desert, and sustainability frameworks thus 
far, make it difficult to consult local experts (nature)-they typically try to generalize 
sustainability to a one size fits all model. (R-78) 
– Models are easily transformed into software mimicking the artistic nature of design in 
the oriented language Self. (R-78) 
– Hope we can built actual model with the help of Bio mimicry in near future. (R-09) 
In general, architects saw process in this way: “inspired by the basic ingredients of life, namely 
energy and information (the DNA molecule)” and “biomimicry being very useful for 
performance driven design or evidence based design especially for healthcare facilities” and 
“hot climate for example is not 'staying cool' or 'loosing heat' but possibly 'adjusting the flow of 
energy'”. 
Non-architects mostly referred to taking nature as a model in this way: “recovering information 
directly from an organism or natural system” and “design tuned to evolve or stay constant based 
on analogies of the ways that life evolves”. Non-architects suggested taking nature as a process 
in terms of: “bio-adaptation-of-fungi-to-grow-materials” and of “restructuring the actual design 
process itself as an evolutionary process”. Some indicated using both, “process and ecosystem” 
and “understanding the dependencies of different processes in a unified system” and the 
importance of “an integrated approach looking at non related biological systems”. Matrix 
coding on the ‘constituents’ of a Biomimicry Approach identified 17 different combinations as 
explained above. By coding these comments under the identified ‘constituents’ of a Biomimicry 
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Approach indicated that it is best used combined rather than in isolation in architectural eco 
design practice. 
Scales	of	a	Biomimicry	Approach	as	perceived	by	eco	practitioners	
Coding was based on the ‘scales’ of a Biomimicry Approach as identified from the literature 
review. They included: extra information with regard to the research inquiry; additional 
demographic details about profession; descriptive information about the identified ‘scales’ of a 
Biomimicry Approach in architectural eco design practice such as ‘design disciplines’, ‘guiding 
tools’, ‘design constraints’; ‘design software’, ‘design attributes’, ‘physical attributes’, ‘design 
propositions’ (biomimicry) ‘design principles’ and ‘design constraints’. 
 
 Figure 6.32: Matrix coding for scales of a Biomimicry Approach (architects and non-architects) 
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While architects commented more on the codes design attributes, design software, design 
constraints, physical attributes and design disciplines, non-architects commented more on 
design propositions, guiding tools and biomimicry principles (Figure 6.32). 
In responding to the quantitative component of the questionnaire (Likert-type scale) some 
participants indicated that they did not know the listed software. A few indicated that they did 
not use design software at all, instead relying on pen, pencil and paper (i.e. hand drawing or 
sketching). Comments to the open-ended items included: “The software models must follow 
seamlessly the theoretical and geometric models to generate urban ecosystems” and 
“Programming allowing the inclusion of direct integration of material and environmental 
parameters”. 
In relation to design constraints, architects described more difficulties associated with the use of 
a Biomimicry Approach in architectural eco design practice than did non-architects. Under 
design constraints, one architect mentioned “embracing a new way of thinking”, which suggests 
a need to develop a fresh thinking process. Other constraints included: “technologies have not 
developed enough”; the difficulty of “costing non-standard technologies”; the current 
“evaluation systems are out of date”; and “absence of qualitative programming”. 
Non-architects used expressions such as “too little experience, fear of the unknown and lack of 
success stories”, which conveyed the idea that the field is at a very early stage of development 
and further research is needed. Some suggested that this might be the core issue that needs to be 
addressed. A few identified “educating others” (team members) as a constraint, since a 
Biomimicry Approach in the context of architecture is costly and time-consuming. One 
respondent suggested a need for “financial incentives by the government or other bodies”. 
However non-architects and architects both commented on similar coding’s to biomimicry 
design propositions, which suggests its importance using in architectural eco design practice. 
Other	suggested	constructs		
Matrix coding identified 6 codes. While additional comments profession-other were directly 
taken from the questions of the practice survey, 3 important constructs were identified as codes. 
Another theme identified was coded as suggestions. In general, non-architects provided more 
comments on codes - aesthetics, suggestions, additional information and other professionals 
than architects and an equal number on items such as scale and project specific (Figure 6.33). 
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Figure 6.33: Matrix coding of other constructs (architects and non-architects) 
Architects commented that the use of biomimicry depends on the time frame available and on 
enhanced knowledge of the ecosystem in order to understand the closed loop system. Some 
suggested that brainstorming sessions would be helpful to generate ideas for emulating nature. It 
was suggested that biomimicry is very useful for performance-driven design or evidence-based 
design, for example in healthcare facilities. Overall, three constructs that had not been identified 
in the literature review were found: aesthetics, scale or size and project specific were seen as 
very important ‘scales’ for a Biomimicry Approach in architectural eco design practice by both 
groups of eco-practitioners. 
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Summary	
While the qualitative content analysis of open-ended items in the practice survey did not reveal 
a significant overall pattern, minor themes emerged in relation to the best combinations of 
constructs (‘constituents’ and ‘scales’) of a Biomimicry Approach for architectural eco design 
practice. Word frequency and text search queries in this analysis, however, supported and 
fleshed out some of the main findings of the quantitative analysis while unstructured data 
prompted novel ideas (inductive coding). Deductive coding related these to already established 
themes (constituents and scales) identified by matrix coding. These phrases or themes were then 
re-examined to make connections to the already established set of constructs (‘constituents’, and 
‘scales’-‘components’ and ‘variables’). 
The matrix coding analysis showed that the ‘constituents’ nature being applied at ecosystem, 
mentor and process levels identified the most meaningful phrases to architectural eco design 
practice respectively. It also suggested that the most important phrases related to the ‘scales’ of 
a Biomimicry Approach in architectural eco design practice were ‘design propositions’, ‘design 
principles’, ‘design software’, ‘constraints’, ‘design attributes’ and ‘physical attributes’, 
respectively. The emergence of new codes such as scale (size), aesthetics and project specific 
(type) suggested the need for attention to different aspects of introducing additional ‘scales’ for 
a Biomimicry Approach. These could be added as constructs in future, if a similar practice 
survey is conducted. 
The following chapter 7 specifically addresses a discussion of the research questions using 
primary findings from the quantitative analysis, supported by the qualitative analyses described 
above. These overall findings will be further validated by analysis of the interviews and 
documentary evidence of projects.	
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Chapter	7: 	
Discussion	
This chapter discusses the study’s primary and supplementary findings in relation to the thesis 
objective of exploring a Biomimicry Approach for architectural eco design by examining how 
eco practitioners perceive the overall effectiveness of such an approach. The practice survey 
was the primary source of data for this inquiry. Results from statistical analyses of the 
quantitative data (Chapter 5) are presented to address each of the four research questions and 
their associated sub-questions. The main questions directed toward achieving achieve this 
overall aim involves: how effective are the ‘constituents’ (dependent constructs) of a 
Biomimicry Approach; how effective are the ‘scales’ (independent constructs); what are the 
most effective ‘components’ that best correlate with each other; what are the most effective 
‘predictors’ of a Biomimicry Approach in architectural eco design practice? The findings and 
interpretations are supported and extended through discussion of the qualitative data (open-
ended items in the questionnaire-Chapter 6). Qualitative data from interviews and documentary 
evidence of building projects are used to validate the primary findings. Although all forms of 
qualitative data generally supported the primary findings, there were also some anomalies. 
While the interpretations of the research findings proposed a Biomimicry Approach for 
architectural eco design practice, the additional information provided by participants led to 
suggestions for future research. 
Primary	Findings	from	Quantitative	Data	Analysis	
This section discusses the primary findings in relation to each of the 22 sub-questions under the 
four main research questions. The overall aim was to explore a Biomimicry Approach for 
architectural eco design practice by reviewing the views of eco practitioners-architects and non-
architects. The main research questions were addressed in the following way: 
 Q1 (How effective are the identified ‘constituents’ of a Biomimicry Approach in 
architectural eco design practice?) is addressed through interpretation of the results of 
descriptive statistical analysis, t –test, ANOVA and frequency tables in relation to a 
Biomimicry Approach.  
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 Q2 (How effective are the ‘scales’ of a Biomimicry Approach in architectural eco 
design practice?) is answered through interpretation of the results of descriptive 
statistical analysis and identification of components by exploratory factory analysis. 
The level of efficacy as perceived by eco practitioners under each ‘scale’, ‘component’ 
and variable is interpreted via the mean score of each scale.  
 Q3 (What are the ‘components’ of a Biomimicry Approach that correlates most 
effectively in architectural eco design practice?) is addressed by interpreting the results 
of exploratory factory analysis.  
 Q4 (Overall, what are the most effective ‘predictors’ of a Biomimicry Approach in 
enhancing ecological sustainability in architecture?) is addressed by using standard 
multiple regression, to show how these components predict the overall effectiveness of 
a Biomimicry Approach in architectural eco design practice among eco practitioners 
(architects and non-architects). Finally, the discussion explores the extent to which 
these findings can contribute to biomimicry and ecologically sustainable design and 
introduces a Biomimicry Approach to enhance architectural eco design practice. 
Preliminary analysis, which included descriptive statistical analysis and frequency analysis, 
helped to provide an understanding of the nature of the data, while missing data analysis led to 
crucial decisions being made to reduce the number of respondents and variables in order to 
prepare a clean dataset appropriate for the next phase, multivariate statistical analysis (Chapter 
5). In each scale (independent construct-Table 5.6), the factor structure and ‘component’ 
number (Table 5.7) were confirmed to the minimum required reliability level by checking the 
two identified indicators of internal consistency, Cronbach’s alpha coefficient value and inter-
item correlation value. This was further confirmed by checking under communalities for 
variance of items in each ‘scale’ independently. This showed a minimum score above .5, which 
is well above the accepted level of .3. Overall, this confirmed that all items fit well within the 
‘scale’ with a good internal consistency. The theoretical enhancements of a ‘biomimicry 
thinking’ in Chapter 3, was further developed into empirical enhancements in this chapter by 
proposing a Biomimicry Approach for architectural eco design practice. This involved a 
sequential interpretation of the overall findings of both quantitative and qualitative data. 
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Effective	Constituents	of	a	Biomimicry	Approach	in	
Architectural	Eco	Design	Practice‐Q1	
The literature review identified 3 main ‘constituents’ (‘concept’, ‘procedure’ and ‘application’) 
most appropriate for a Biomimicry Approach for architectural eco design practice. Eight 
specific ‘constituents’ were identified under dependent constructs and a theoretical discussion 
(chapter 4) and analysis was presented (Chapter 5). This showed how these identified 
‘constituents’ of a Biomimicry Approach were perceived by eco practitioners and correlated 
with each other, in order to assess their overall effectiveness in architectural eco design practice. 
How these ‘constituents were perceived by eco practitioners is described in the following 
sections under each of the 5 sub-questions. Finding the appropriate sequential-hierarchical 
combinations of the ‘constituents’ can lead to a Biomimicry Approach for an architectural eco 
design practice. 
Constituents	of	a	Biomimicry	Approach	as	perceived	by	eco‐
practitioners‐Q1.1	
This question was addressed in three sections in the practice questionnaire (Sq2, Sq3 and Sq5). 
Descriptive statistical analysis (Table 5.20) showed that most eco practitioners preferred to use 
nature as a ‘concept’ (M=6.25, SD=1.0) rather than a ‘procedure’ (M=4.86, SD=1.6) or an 
‘application’ (M=5.72, SD=1.2). Within the ‘concept’ category, the highest rated item was using 
nature as a mentor (M=6.45 and SD=.8), that is, viewing and valuing nature as a source of ideas 
or lessons for design. Most eco practitioners preferred to apply nature at the level of ecosystem 
(M=6.48, SD=.8), followed by process (M=6.24, SD=1.0) and form (M=4.44, SD=1.8). The 
lowest rating was given to the directly mimicking approach (M=4.29, SD=1.7). Most eco 
practitioners have used indirectly mimicking (M=5.43, SD=1.4) rather than directly mimicking 
approach. 
As further evidence to use of the main three ‘constituents’, practicing nature as a ‘concept’ 
(mentor and model), with consulting nature as procedures (directly mimicking and indirectly 
mimicking) and application of nature (ecosystem, process and form level), interviewee SG, 
describes some of his design inspirations in designing Bundala Visitor centre- Sri-Lanka 
(Figures 7.1, 7.2 and 7.3): 
– Thinking about wildlife, frequent occurrences in our minds were that there are many 
proposals which we worked out….There were a foreign team and also a local one. They had 
already come with a model which they required. What they wanted was one single building 
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to accommodate all of them. Having visited the site when one was worked out [sic.], there 
was complete incompatibility. At some places there were open plains. Thick jungle at 
other sites. That is, when the floor area is constructed in such a jungle, the jungle will be 
destroyed. It has to be cut down to construct the building. Such a large building has to be 
constructed in a jungle where there are small areas. In such an event, if worked out on, 
their pre-conceived the building also will be destroyed. So if we set that out, and went on 
the sensitivity, the nature will be destroyed completely. Therefore we thought that this has to 
be just open patches with scattered buildings with transparency. In that we wanted [to 
design the building] as a basic. To have an elevated structure. There were tiny ants on the 
ground when we walked about. That is what happened there. Ants were underneath the 
leaves so much so that it was not possible to walk... As soon as [we] entered what we saw 
were flamingos in the lagoon. It was a beautiful sight – their colours, thin feet, as said 
the manner in which the wings spread on the flight. At once it came to mind what could 
be done for the architecture. What should be done for our built form? One is the 
feather weight feeling when flying and as if under the wings. (Interviewee SG)  
 
Figure 7.1:Bundala Visitor Centre (Miracale 
Island, 2012) 
 
o Natural beauty of the “Bundala” national park - to 
create this place with a unique character - flavour 
for the site. 
o Visitor Facilities structure - inspired by the flight of 
flamingos, seen against the blue of the beach and 
green of the vegetation. 
o Inspired by take-off of flamingos with large wings 
(roof structure) and long thin legs (hollow columns) 
on a large patch of greenish water of Bundala 
lagoon to mimic colourful birds on water. 
o The structure - linear walkways and decks 
elevated from the ground to avoid disturbing the 
habitat at the site. 
o  (Ghayur, 2008) 
 
Figure 7.2: Flamingo in its micro environment 
(Miracale Island, 2012) 
 
Figure 7.3: Group of flamingos against beach & 
environment (Miracale Island, 2012) 
This could be seen mainly as a directly mimicking approach to biomimicry where the architect 
has been inspired by the flight of flamingos (Figure 7.3) seen against the blue of the beach and 
green of the jungle. Depends on what you want to see besides the practical issue of not 
disturbing the movement of insects and animals, the decks and walkways were designed to 
appear as transparent as possible, merging the fabric of the man-made project into the natural 
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environment least disturbing its wildlife. Regard for the inhabitants of the site, the wildlife, is 
apparent in the architect’s decision to elevate the facility above ground. Besides facilitating 
movement in the habitat, this creates a pleasant and enjoyable human experience, which is the 
reason for visitors coming here (Ghayur, 2008). This is a good practical example of how 
‘constituents’ integrate with each other, and the hierarchy of the use of nature is demonstrated. 
Under the ‘constituent’ concept as a model–emulating flamingo’s body structure has been 
observed, and appearance sit within the micro environment (mentor and model) has influenced 
the level of application of nature (form and ecosystem) in  design of this Bundala Visitor 
Centre. 
Correlation	of	constituents	of	a	Biomimicry	Approach‐Q1.2	
This question was addressed by checking the reliability of each main ‘constituent’ (‘concept’, 
‘procedure’ and ‘application’) independently. This showed a questionable rating (below .7) for 
‘concept’ (.666) and ‘application’ (.646), and a poor rating for ‘procedure’ (.512) according to 
the rule-of-thumb assumptions (George & Mallery, 2003, p. 231). This can be attributed to the 
small number of items (2 or 3) in each main ‘constituent’. However the survey contained a 
similar question using a different measure (ratio), which showed that most eco practitioners 
prefer to consult nature as a ‘concept’ (consulting nature as a model, measure, mentor), 
procedure (directly mimicking, indirectly mimicking) and ‘application’ (inspiration taken from 
nature at a form, process, ecosystem level) simultaneously depending on its context (Table 5). 
Table 7.1: Mean inter-item correlation matrix of the constituents of a Biomimicry Approach 
 Constituents  Model  Measure  Mentor  Form  Process  Ecosystem  Direct  Indirect 
 Model 1.000 .522 .386 .416 .570 .443 .441 .276 
 Measure .522 1.000 .287 .230 .454 .229 .415 .187 
 Mentor .386 .287 1.000 .298 .496 .312 .140 .202 
 Form .416 .230 .298 1.000 .288 .155 .293 .208 
 Process .570 .454 .496 .288 1.000 .628 .287 .404 
 Ecosystem .443 .229 .312 .155 .628 1.000 .187 .223 
 Directly .441 .415 .140 .293 .287 .187 1.000 .487 
 Indirectly .276 .187 .202 .208 .404 .223 .487 1.000 
 Biomimicry  
 Approach .338 
Accordingly, it was decided to combine all 8 items in the 3 main ‘constituents’ into a single 
‘scale’ and recheck its reliability. This revealed an acceptable range with a Cronbach’s alpha 
.774 (above .7) and an inter-item correlation of .338 (above .3) indicating a reasonable overall 
internal consistency between all items within the ‘scale’ (see Table 5.21). 
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In relation to the mean inter-item correlation of the ‘constituents’ of a Biomimicry Approach 
(Table 7.1), consulting nature as a model represented the highest figure of the matrix, 
correlating most strongly with process, measure, ecosystem, directly mimicking and form, 
moderately with mentor and least with indirectly mimicking (below .3). This was followed by 
the ‘constituent’ process which had a high correlation with ecosystem, model, mentor and 
measure. Mentor correlated well with process and moderately with model. Form had the lowest 
level of correlation, correlating well only with model. Ecosystem correlated well with process 
followed by model and reasonably with mentor. Directly mimicking approach correlated best 
with indirectly mimicking approach then with model and measure. Finally, indirectly mimicking 
approach correlated well with directly mimicking approach and process while process correlated 
least with form and directly mimicking approach. 
As further evidence of relating some of the constituents of Biomimicry Approach ―combining 
directly and indirectly mimicking approaches to develop an innovative form―interviewee LC 
describes an example of such a building project; King Abdullah University Science and 
Technology (Figures 7.4, 7.5, 7.6): 
– …designer sort of relates back to the geographic sort of formation like the sand, the 
rocks and things that are common in the desert land in the Middle East, but it’s a 
very generalized themes not really, it’s everywhere it’s the same so it’s nothing so 
special even, in the projects that I got involved in the planning section of the projects 
they all had this concepts of really different desert types as inspiration and 
sometimes.…So I remember one project which I didn’t involve too much, that’s King 
Abdullah University Science and Technology that did research on quite a big tough 
environmental aspect before getting to the design. And one of the themes was [being] 
next to the Red Sea [looking] at some of the marine life. They took some of the 
physical form as inspiration for different things like artwork and also to configure 
the major buildings within the site.…That was completely taken the inspiration from 
I think corals and what not.... I think it has a lot to do with that (more sensitivity 
towards like environment) plus I think at that time in the Middle East particularly they 
 
 
 Figure 7.4: Correlation of the Constituents 
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didn’t really into environmental aspects…They were not following these things and they 
were very keen to get something done according to all these [environmental] principles 
and then take that as a case so that they can promote [them] throughout [the] region 
basically in the Middle East as a model. (interviewee LC) 
KAUST is a sustainable project that reflects an integrated approach to architecture, natural 
systems and technology. It integrates a number of innovative environmental strategies to create 
a low-energy, highly sustainable project in the context of an extremely hot, humid climate, 
employing strategies from nature, culture and traditions to solve environmental issues. This can 
be considered a good example of design in the world's most extreme climates. Understanding its 
ecosystems suggested ways of reducing the impact of the strong sunlight and ubiquitous sand of 
the desert and dealing with the high humidity and salinity of a marine site that included a unique 
coral reef ecosystem in need of protection (Minutillo, 2010).  
Figure 7.5: KAUST in Thuwal, Saudi Arabia (Kolleeny 
2010) 
 
o integrating sustainable measures 
into the site planning, community, 
building design and campus 
operations 
o use traditional Arabic climatic 
  
o strategies minimise the amount of 
exterior envelope exposed to the 
sun and reduce outdoor walking 
distances. 
 
o iconic, solar-powered wind towers 
harness energy from the sun and 
wind to passively create air flow in 
pedestrian walkways 
 
o Arabic market―shaded and 
passively cooled circulation 
thoroughfares are characterised by 
dramatic light and social spaces. 
 
o Arabic screening called 
mashrabiya―the campus shades 
windows and skylights with an 
integral shading system that 
reduces heat loads  
 
o Arabic Bedouin tent inspired roof 
system―blocks sun on building 
facades and into the pedestrian 
spine to facilitate natural ventilation 
and filter light. Solar panels covering 
the surface capture the sun's 
energy.(Archinnovations., 2010) 
Figure 7.6: KAUST-Sky 
lights (Archinnovations., 
2010)  
Figure 7.7: KAUST-Window 
shades (Archinnovations., 2010) 
 
KAUST is a fine example of good integration between nature and culture. It represents mainly 
the indirectly mimicking approach because the principles or strategies are taken from traditional 
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Arabic physical attributes that were originally influenced by directly mimicking the climatic 
conditions (hot, humid) in the desert environment. 
Effectiveness	of	a	Biomimicry	Approach	as	perceived	
by	eco	practitioners‐Q1.3	
Table 7.2 compares the overall efficacy of biomimicry as a design approach in relation to its 3 
main ‘constituents’ and 8 individual ‘constituents’ as perceived by architects and non-architects. 
Non-architects had a higher mean in all ‘constituents’ except using nature as a mentor, which 
showed a very small increase (Table 7.2) among architects. This was confirmed by the 
percentages of levels of high efficacy (a percentage taken from the number of respondents who 
rated above the mean score of a Biomimicry Approach). To increase reliability, each of the 
‘constituents’ was compared to the common mean scores of a Biomimicry Approach (M=5.61) 
of its main ‘constituents’ (‘concept’, ‘procedure’ and ‘application’) for both architects and non-
architects, indicated as a percentage of high (above M=5.61) and low (below M=5.61) levels of 
efficacy of a Biomimicry Approach. 
Table 7.2: Overall efficacy of a Biomimicry Approach as perceived by architects and non-architects 
Constituents     Mean Overall efficacy  Architects Non-Architects 
BA 5.61 Less than 5.61 (low level efficacy) 30 (51%) 5.47 18 (42%) 5.8 
More than 5.61 (high level efficacy) 29 (49%) 25 (58%) 
Concept 6.25 Less than 5.61 (low level efficacy) 19 (32%) 6.19 4 (17%) 6.33 
More than 5.61 (high level efficacy) 40 (68%) 39 (91%) 
Model 6.14 Less than 5.61 (low level efficacy) 17 (29%) 6.03 09 (21%) 6.28 
More than 5.61(high level efficacy) 42 (71%) 34 (79%) 
Mentor  6.45 Less than 5.61 (low level efficacy) 07 (29%) 6.47 12 (14%) 6.42 More than 5.61 (high level efficacy) 52 (88%) 31 (86%) 
Measure 6.16 Less than 5.61 (low level efficacy) 55 (12%) 6.05 12 (14%) 6.30 More than 5.61 (high level efficacy) 45 (76%) 38 (88%) 
Procedure 4.86 Less than 5.61 (low level efficacy) 27 (48%) 4.65 23 (53.5%) 5.15 More than 5.61 (high level efficacy) 12 (20%) 20 (46.5%) 
Direct 4.29 Less than 5.61 (low level efficacy) 43 (73%) 4.12 27(69%) 4.53 
More than 5.61 (high level efficacy) 16 (27%) 16 (31%) 
Indirect 5.43 Less than 5.61 (low level efficacy) 34 (58%) 5.19 13 (30%) 5.77 
More than 5.61 (high level efficacy) 25 (42%) 30 (70%) 
Application 5.72 Less than 5.61 (low level efficacy) 25 (42%) 5.58 16 (37%) 5.91 
More than 5.61 (high level efficacy) 34 (58%) 27 (63%) 
Form 4.44 Less than 5.61 (low level efficacy) 45 (76%) 4.12 24 (56%) 4.88 More than 5.61 (high level efficacy) 14 (24%) 19 (44%) 
Process 6.23 Less than 5.61 (low level efficacy) 13 (22%) 6.14 08 (29%) 6.37 More than 5.61 (high level efficacy) 46 (78%) 35 (81%) 
Ecosystem 6.48 Less than 5.61 (low level efficacy) 07(12%) 6.49 14 (24%) 6.46 More than 5.61 (high level efficacy) 52 (88%) 39 (91%) 
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Figure 8: Overall correlation and effectiveness of the constituents of eco practitioners 
 
 
 
 
 
 
 
 
 
 
 
Q1. How effective are the Constituents of a Biomimicry Approach in architectural eco design practice?  
 
• Eco practitioners mainly prefer to use biomimicry as a concept, followed by application and then 
procedure 
 
•  As a Procedure-  directly mimicking having the lowest preference indicated a high correlation with 
indirectly mimicking approach 
 
• Most eco practitioners preferred consulting Nature  as a mentor to generate a concept and taking 
inspiration of Nature as at an ecosystem level as a way of application 
 
• Least correlation was indicated between consulting Nature as a model and Indirectly mimicking approach 
 
• Nature applied at a form level had the lowest level of correlation, correlating well only with consulting Nature 
as a model 
 
• Quantitative analysis identified 17 combinations of combining constituents and provided deeper insight into 
how these can be used differently depending on type of project, context and function 
 
• Two major patterns were revealed: indirectly mimicking approach, using Nature as a mentor, applying 
Nature at an ecosystem level and process level and another between directly mimicking approach, using 
nature as a measure and model and applying nature as a form and process. Nature at a process level 
appeared to link these two clusters 
 
• Combining of directly mimicking and indirectly mimicking approaches were most appropriate for eco 
design practice in architecture. 
 
• Most effective use of these constituents in architectural eco design practice may vary according to type, 
scale, client, functions and context―that is, project-specific 
 
• Overall efficacy of a Biomimicry Approach, non-architects claimed a higher level of effectiveness in using 
biomimicry as an design approach than architects 
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The ‘constituents’ nature applied at a process, and ecosystem levels, and use of nature as a 
mentor, measure and a model indicated a high level of efficacy as perceived by architects and 
non-architects (above 71%). Nature applied at a form level and directly and indirectly 
mimicking nature indicated a low level of efficacy as perceived by both groups. However, when 
the main 3 ‘constituents’ use of nature as a ‘concept’, ‘procedure’ and ‘application’ were 
examined separately for each group, non-architects indicated a higher level of efficacy 
(‘concept’ 91%, ‘procedure’ 68%, and ‘application’ 63%) than architects (‘concept’ 58%, 
‘procedure’ 20%, and ‘application’ 58%). 
This was confirmed by examining the overall efficacy of a Biomimicry Approach (combining 
all 8 ‘constituents’), which was rated higher by non-architects (M= 5.798) than by architects 
(M=5.476). Only 20% of architects indicated a high level of efficacy for ‘procedure’ (27% for a 
directly mimicking approach and 42% for an indirectly mimicking approach), which indicated a 
fairly low level of efficacy. However, biomimicry as a design approach was perceived to be 
more effective among non-architects (58%) than by architects (49%) and most prefer to use 
biomimicry conceptually. It further emphasised being a process (non-architects 81% and 
architects 78% of high level of efficacy) oriented approach while being most comfortable in 
applying at an ecosystem level (non-architects 91% and architects 88% of high level of 
efficacy). Most eco-practitioners have used indirectly mimicking (m=5.43) rather than directly 
mimicking (m=4.29) approach in architectural eco design practice. There seems to be lack of 
clarity, how nature is being mimicked directly and indirectly and how nature is being applied at 
a form level by both groups. 
Socio	demographic	characteristics	of	respondents‐Q1.4	
Frequency tables for these items are provided in Appendix D3. The results of this section helped 
to evaluate the sample in relation to the anticipated population, as well as to justify the validity 
and credibility of the distribution of the sample in relation to gender, profession, professional 
experience, age and country. These were considered as moderate constructs in this analysis (see 
Chapters 4 and 5). Beyond their statistical significance, these results provided insight into the 
nature of the sample. The majority of participants (75%) were male and 58% identified their 
profession as architect. In relation to professional experience, the majority (70%) had worked 
for more than 5 years. Most participants (97%) were aged over 25 years. They were located in 
20 countries within five continents with a bias distribution to developed rather than developing 
nations. For purposes of statistical analysis, only the category profession was used and all 
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categories other than architect were combined into a single category, non-architects (42%), to 
avoid sample bias.  
 
Figure 7.9: Socio-demographic characteristics of eco-practitioners (architects and non-architects) 
 
 
 
 
 
 
 
 
• Two main categories for data analysis were among architects (58%) and non-architects (42%) t-test 
indicated no statistically significant difference between the means. 
 
• Most architects (80%) and non-architects (69%) were more than 5 years of professional experience 
 
• Both 98% of architects and non-architects were above 25 years of age. 
 
• While 78% of architects were male, only 70% of non-architects were males. 
 
• Female architects were 22%, while female non-architects were 30% 
 
• Considering country in terms of continent wise, highest percentage was reported among architects 
were from America (45%), while non-architects were from Europe (42%). 
 
• Australia reported almost the similar percentage with architects (17%) and non-architects (19%). 
 
• Asia, reported architects (20%) more than non-architects (12%) 
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The total sample of 102 comprised 59 architects and 43 non-architects (Table 7.3). A detail 
analysis of ‘socio demographic’ characteristics (age, gender, professional experience and 
country) of architects and non-architects are shown in Figure 7:7. 
Table 7.3: Profession of participants 
Item Frequency Percentage Valid Percent Cumulative Percent 
Architects 
Non-Architects 
Total 
59 57.8 57.8 57.8 
43 42.2 42.2 100.0 
102 100.0 100.0  
In this study, since the category profession was considered as the main socio demographic 
determinate, the other categories such as gender, age, professional experience and country were 
evaluated with the main category. 
The Brunai project (Bandar Seri Begawan development master plan) is a significant example 
that shows how the master planning team (architects and planners) collaborated with non-
architects (biologists, environmental specialists and engineers) and the people and government 
of Brunei to develop ecologically sustainable strategies. Hence, it important to perceive the 
views of architects as well as non-architects views in using of the ‘constituents’ of a 
Biomimicry Approach in architectural eco design practice. Interviewee LC explained the 
procedure of the conceptual design and the involvement of the biomimicry group with architects 
when designing Brunei Project-Bandar Seri Begawan development master plan: 
– They [Biomimicry group] yes, they did get involved so I think I talked about that a bit [in] 
the previous question….. There was another little component that so much strike value to 
the project which is, water village next to the CPD the main area…and my primary 
responsibility was basically to look at how to consult [the] water village area. There ha[s] 
been different thoughts and so it’s in a way, another example for environmental sensitive 
planning because they [Government of Brunei] were to take it, completely remove it, 
upgrade it,….. so it was my responsibility to really come up with a plan that could really be 
helpful for them and could be a good asset in the future as well to have that so [if] we need 
to come up with some kind of policies and principles and also some designs. (Interviewee 
LC) 
Comparison	by	profession:	architects	and	non‐architects‐Q1.5	
A t-test (Table 7.4) showed no statistically significant difference between the means of the two 
groups (architects and non-architects) in relation to the overall efficacy of a Biomimicry 
Approach, although the score was higher among non-architects (M=5.7, SD=0.73) than 
architects (M=5.47, SD=.90). 
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Table 7.4: Independent samples test 
This was confirmed by comparing the overall efficacy of a Biomimicry Approach between the 
two groups with reference to the total sample average score (M=5.61). Some 58% of non-
architects and 49% of architects perceived a Biomimicry Approach as highly effective for 
architectural eco design practice (Table 7.3). Levene’s test for equality of variances gave a 
significance level greater than .05 (.228), indicating that the assumption of equal variance has 
been not violated (Table 7.4). The sig. two tailed being above.050, indicated that there was no 
statistically significant difference between the means (Pallant, 2011, p. 242). 
Effective	Scales	of	a	Biomimicry	Approach	in	
Architectural	Eco	Design	Practice‐Q2	
As explained in Chapter 4, descriptive statistical analysis was used to interpret the means (M) 
and standard deviation (SD) of each of the 88 continuous variables under each ‘scale’. 
Additionally, the total mean score of each of the 9 independent constructs (scales) of a 
Biomimicry Approach was calculated. The weight of each variable associated with the item 
‘components’ (extracted by principal component analysis-Chapter 5) of that particular ‘scale’ 
was assessed and compared between the two groups. The variables and ‘components’ most 
relevant to architectural eco design practice were evaluated by identifying the number of 
respondents rating above the mean value, indicating a mean score in each ‘scale’. This 
facilitated comparison of the effectiveness within each ‘scale’, ‘component’ and its variables of 
a Biomimicry Approach both with each other and between the two groups (architects and non-
architects). The level of importance assigned to these areas reflected the current status of a 
Biomimicry Approach in architectural eco design practice. The relevant terminologies of 
‘components’ and its variables within the ‘scales’ of a Biomimicry Approach, were identified 
from the literature review as independent constructs. These were extracted by principal 
component analysis-EFA (Chapter 5) and were identified as ‘components’ within a ‘scale’. 
 
Levene’s test - 
equality variances t-test for equality of means 
F Sig. t df Sig. (2-tailed) 
Mean 
Diff. 
Std 
Error 
Diff. 
95% Con. Interval 
Diff. 
Lower Upper 
Biomimicry 
Approach 
(BA) 
Equal variances 
assumed 1.472 .228 -1.93 100 .057 -.324 .168 -.657 .009 
Equal variances 
not assumed   -1.99 98.8 .049 -.324 .163 -.646 -.001 
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Perceptions	of	biomimicry	and	related	disciplines	in	eco	design	
practice‐Q2.1	
Table 7.5 shows participants’ familiarity with nature-related ‘disciplines’ in eco practice. 
Biomimicry had the highest level of familiarity (M=6.2 SD=1.2) followed, respectively, by 
urban ecology (M=5.3 SD=1.4) and regenerative design (M=5.2 SD=1.7). There was a high 
level of familiarity with biomimicry among both architects (91%) and non-architects (81%), 
with an overall familiarity of 86%. Both groups were more familiar with Organism based 
disciplines than Ecology based disciplines. Biophilia (M=4.2 SD=2.2) was more familiar to 
architects (54%) and nanotechnology to non-architects (72%). 
Table 7.5: Participants’ familiarity with biomimicry and other nature-based ‘disciplines’  
Components 
 
Variables Mean Familiarity by 
architects 
Familiarity by 
non-architects 
Overall 
familiarity 
Organism based 
disciplines 
 5.0 64% 55.5% 60% 
Biomimicry 6.2 91% 81% 86% 
Biophilia 4.2 54% 46.5% 50% 
Nanotechnology 4.6 52.5% 72% 61.5% 
Ecology based 
disciplines 
 4.7 54% 51% 53% 
Urban Ecology 5.3 78% 67% 72.5% 
Regenerative design 5.2 81% 60% 70.5% 
Ecomimicry 4.3 49% 51% 50% 
Industrial Ecology 4.5 42% 63% 52.5% 
Construction Ecology 4.5 59% 51% 55% 
Scale: Design disciplines 4.85 59% 53% 56% 
In relation to the Ecology based disciplines, urban ecology (78%) and regenerative design 
(81%) were much more familiar to architects than to non-architects. Ecomimicry (ecomimesis 
or ecosystem biomimicry), was the least familiar (M=4.3 and SD=2) among both groups. 
Overall, both components: Both ‘design disciplines’ were more familiar to architects (59%) than 
non-architects (53%), and overall familiarity was higher for Organism based disciplines than 
Ecology based disciplines among both groups of eco design practitioners. 
Important	nature‐related	guiding	tools	in	eco	design	practice‐Q2.2	
Of the nature related ‘guiding tools’ (Table 7.6) listed, the highest average score was obtained 
by sustainable principles (M=5.99 SD=1.6), followed by C2C (M=5.4 SD=1.5) and bioclimatic 
principles (M=5.4 SD=1.5). In the ‘component’ Behavioural guiding tools, biomimicry 
principles (M=5.1 SD=1.6) was rated highest in importance followed, respectively, by Design 
Spiral (M=4.7 SD=.775), Hannover principles (M=4.2 SD=.715), LBC (M=4.5 SD=.69) and 
BioTRIZ (M=3.6 SD.64).  
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Table 7.6: Relevance of nature based ‘guiding tools’ in eco design practice 
Components Variable Mean Relevance by 
architects 
Relevance by 
non-architects 
Overall 
relevance 
Behavioural 
guiding tools 
 4.5 57.6% 53.5% 55.8% 
Biomimicry principles 
Design Spiral 
5.1 
4.7 
73% 
64% 
67% 
60% 
67.5% 
58% 
Hannover Principles 
LBC 
4.2 
4.5 
42% 
47% 
41% 
49% 
41.5% 
48% 
BioTRIZ 3.6 22% 30% 24.5% 
Environmental 
guiding tools 
 4.9 56% 42% 49% 
Sustainable 
principles 
6.0 83% 88% 85.5% 
Bioclimatic principles 5.4 83% 63% 73% 
Olgay’s model 4.3 44% 32.5% 38% 
Green benchmark  4.65 59% 56% 57.5% 
C2C 5.4 85% 72% 78.5% 
Green rating 4.4 54% 42% 48% 
Ecological design 4.5 51% 46.5% 49% 
Green Principles 4.8 63% 58% 60.5% 
Scale: Guiding tools  4.7 57.5% 50.5% 54% 
Biomimicry principles and Design Spiral were considered more relevant by architects, while 
BioTRIZ and LBC were considered more relevant by non-architects. In the component 
Behavioural guiding tools, architects (57.6%) indicated an overall higher level of relevance than 
non-architects (53.5%). For all ‘components’ (Behavioural and Environmental guiding tools and 
Green benchmark), architects indicated a higher level of relevance (57.5%) than non-architects 
(50.5%). The ‘component’ Green benchmark (57.5%) was assigned the highest overall 
relevance followed by Behavioural guiding tools (55.8) by both groups of eco practitioners. 
Important	design	principles	in	eco	design	practice‐Q2.3	
Twelve ‘designs principles’ (biomimicry) were listed in the questionnaire (Chapters 2 and 4). 
Eco practitioners were asked to rate their relevance (Table 7.7) to architectural eco design 
practice. Those rated highest were (in order): use energy and materials sparingly (M=6.5 
SD=.8); optimise the system (M= 6.39 SD=.9); and curb excess from within (M=5.82 SD=1.6). 
In the component spatial efficiency, both groups of eco practitioners assigned a high level of 
relevance to the variable items use energy and materials sparingly (90.5%) and optimise the 
system than maximising the components (90.5%). 
Non-architects (64%) assigned higher relevance to all variable items in the component Spatial 
efficiency than architects (61%). In the component Resource efficiency, non-architects assigned 
a high level of importance to recycle everything (77%), create conditions conducive to life 
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(74%) and curb excess from within (79%). Architects and non-architects assigned almost equal 
importance to the component Spatial efficiency principles, while non-architects indicated a 
higher level of relevance for the component Resource efficiency than architects. Overall, the 
relevance of the component Spatial efficiency principles (62.5%) was rated higher than the 
component Resource efficiency principles (58%) by both groups of eco practitioners. 
Table 7.7: Most relevant ‘design principles’ in eco design practice 
Components Variable Mean Relevance by 
architects 
Relevance by 
non-architects 
Overall 
Relevance 
Resource 
efficiency 
 5.7 56% 60% 58% 
Curb excess 5.8 64% 79% 71.5% 
Diversity 5.3 54% 46.5% 50% 
Self-assembly 5.3 47% 60% 53.5% 
Life conditions 5.7 52.5% 74% 63% 
Sunlight 5.7 61% 63% 62% 
Recycle 5.8 58% 77% 67.5% 
Cooperation 5.6 58% 63% 60.5% 
Local expertise 5.7 61% 67% 64 
Limits 5.3 46% 46.5% 46% 
Spatial efficiency  5.8 66% 67% 66.5% 
Energy materials sparingly 6.5 88% 93% 90.5% 
Optimise the system 6.4 85% 93% 90.5% 
Form Function 5.8 61% 77% 69% 
Scale: Design principles 5.7 61% 64% 62.5% 
As an example of using some of the ‘design principles’ related to Resource efficiency and 
Spatial efficiency variables to generate an innovative form and spaces, interviewees MP and SJ 
describes the Kandalama Hotel, designed by Geoffery Bawa, on which they were involved as 
the project architects (Figures 7.7, 7.8, and 7.9): 
– Kandalama, there was a huge amount of deforestation going on because people then 
began to cut down all the good trees because of business. So, now, all that has stopped, 
because the hotel is managing it and they [replanted trees] are growing pretty fast. And 
trees are now growing at a rate……….. Not all trees – most of them are hardwood trees but 
they are very slow-growing. But there are [trees] like domber and they grow much faster. 
And the timber is useless. So, they don’t cut it either. So the trees in that forest, it is actually 
useless [non-commercial]for anybody except for us because it's a nice place to be. So, I 
mean you were saying that whether– Geoffrey never did anything for any reason; whatever 
building Geoffrey produced created a lifestyle in his own way. And that lifestyle included 
nice landscaping. All those came in, gardens and trees and birds and other things…He 
actually used materials which can be used to the extent possible. For instance, materials 
have to be used, and to train somebody to use that material is a waste of time. Right? So, 
you select a material where people are used to in that area, actually contributing a certain 
amount of money and things like that to the economy of that area. We found there is a bed-
rock. It is about 4 feet below the ground. So, we anchored all our foundation columns to 
the bed-rock and just covered it up with earth. So, we retained the same kind of fits and 
we just got the holes in it and started – and allowed the water to run under the bed-rock. 
(Interviewee MJ) 
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– So [what] I learned from Geoffrey Bawa probably [was], being sensitive to everything 
around you; not just simply the type, but kind of material you use, is it fair, to do enough to 
make use of material[s] not just as a showpiece or as an object, but to integrate to be part of 
the overall project, which would have influenced me was the way he looked at each project, 
even the rarer tendency that a lot of people thought that he had a style, but it wasn't the 
style, it was an attitude to a place and the way one builds and maybe consciously, but I 
think there was an unconscious effect in terms of using material, which is local and 
cheaper, and still be able to make buildings beautiful and to suffice. (Interviewee SJ) 
It is evident that the innovative design form of this project reflects sensitive understanding of 
the biome of the surroundings. The subtlety of the architecture itself effectively foregrounds the 
cliff-side topography, climate and scenic views. Most of the Spatial efficiency and Resources 
efficiency principles have be used substantially in this project. This hotel project ideally is a 
good example in combining disciplines such as biomimicry, biophilia and regenerative design. 
 
Figure 7.10: Kandalama hotel (Uniqhotels, 2013)  
 
o not a building to look 
at, but a building to 
look from 
 
o entrance form like a 
cave mouth near top 
of the ridge 
 
o four floors of rooms 
below the main 
reception level 
 
o flat roofs are used as 
gardens 
 
o snake form echoes 
the shape (flexibility) 
of the ridge  
 
o structure burrowing into 
the ridge 
 
o concrete frame- outer 
skin of timber 
 
o screen of vegetation 
(Robson, 2002) 
  
Figure 7 11: Exterior view 
Kandalama Hotel (Uniqhotels, 2013) 
 
Figure 7 12: Cave-like corridor in the 
entrance, Kandalama Hotel 
(Uniqhotels, 2013) 
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Relevant	design	propositions	in	eco	design	practice‐Q2.4	
In scale ‘design propositions’ (Table 7.8) the highest relevance was assigned to the variable 
item understanding the ecosystem balance (M=6.13 SD=1.3), followed (in order) by every part 
to be connected to the whole (M=5.89 SD=1.4), flexibility in design (M=5.84 SD=1.4), and form 
shapes as per environmental constraints (M=5.82 SD=1.4). In the ‘component’ Spatial 
integration, architects rated multifunctional use of materials and technology (90%) as most 
relevant, followed by understanding the ecosystem balance (85%) and form shapes as per 
environmental constraints (81%). Non-architects assigned a high level of importance to the 
variable items flexibility in design (70%), every part to be connected to the whole (65%) and 
creating a built form with its own character (65%). 
Table 7.8: Important ‘design propositions’ in eco design practice 
Components Variable Mean Relevance by 
architects 
Relevance by 
non-architects 
Overall 
relevance 
Spatial 
integration 
 6.1 66% 46.5% 56% 
Part to whole 5.9 73% 65% 69% 
Space integration 5.5 63% 51% 57% 
Multifunctional mat tech 5.7 90% 58% 74% 
Environment 5.8 81% 63% 72% 
Synthesis form 5.5 64% 56% 60% 
Design Flexibility 5.8 75% 70% 72.5% 
Design generated 5.1 52.5% 40% 46% 
Ecosystem balance 6.1 85% 53% 69% 
Places variety 5.5 63% 58% 60.5% 
Robust 5.2 73% 65% 69% 
Space 
utilisation 
 5.4 61% 55.8% 58% 
Over designing 5.3 52.5% 56% 54% 
Wasted space 5.3 54% 51% 52.5% 
Multifunctional space 5.4 66% 70% 68% 
Fabric adapts 5.7 73% 58% 65.5% 
Scale: Design Propositions  5.5 63.5% 51% 57% 
In the ‘component’ Space utilisation, architects assigned high importance to fabric adapts to 
climate (73%), while non-architects assigned high importance to use of multi-functional space 
(70%). In relation to the ‘scale’ as a whole, architects assigned more importance to both 
‘components’, although both groups indicated that both ‘components’ were important in eco 
architectural eco design practice. 
As illustration of using some of the ‘design propositions’ related to the two ‘components’ Space 
utilisation and Spatial integration of a Biomimicry Approach to generate an innovative forms 
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and spaces, interviewee LC describes the Boulder Garden Hotel, which he designed (Figures 
7.7, 7.8, and 7.9): 
– It’s an amazing site actually, it was [an[ abandoned piece of land so because of its 
disconnectedness to the town below and from the other inhabitations. It’s [took] a long 
period of time… and firstly when I went there it was just amazingly beautiful. All 
throughout [the site] we studied; we looked at these different interesting spaces but when I 
went to the site all the spaces were just there, you don’t have to really create, watching 
that you know the spaces were there it just [needed] maybe cleaning some space like for 
example the first arrival point was like complete…. it’s just nature it’s nothing to bring 
from outside. It was there but it was [a] massive boulders covered with moss and then we 
had set up some foreground to highlight [it] but it there .There were big boulders, you 
couldn’t even walk and things like that …..so what you need all was to clean that base and 
stretch all the way from one end to the other and get these massive boulders [and[ their 
beauty, [to] stand out from the rest so it’s like as I told you like the spaces were just 
there, even the restaurants like it’s a cave, it was there basically so all what you need to 
do was make floor space so it becomes suddenly a nice space. Apart from that what I tried 
to create was walkway so that you know the journey from space to space is very interesting 
so it will give some nice…. (Interviewee LC)  
 
 
Figure 7.13: Boulder Garden Hotel - pool area (Exotic Voyages 2013) 
o The site itself offers a 
wide variety of 
ecological systems 
that represent typical 
wet zone forests 
 
o Harmonious dialogue 
between man and 
nature 
 
o Following ancient 
traditions of building 
amongst rocks 
 
o This nature resort 
shares a sensitive 
response to the 
natural environment 
 
o Adapted sustainable 
development 
principles by solely 
relying on local 
resources of the 
community  
o (Geoffrey Bawa Trust 
2007-2008)  Figure 7.14: Boulder Garden Hotel- 
lobby area (Ecoteam 2004) 
 
Figure 7.15: Boulder Garden Hotel -
restaurant area (Tripadvisor, 2008) 
 
This design relates to the Sri Lankan tradition of vernacular buildings of in the midst of 
boulders, illustrating how some of the concepts of utilising natural spaces in balance with the 
ecosystem are embodied in traditional practice. Although this project can be categorised as an 
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indirectly mimicking approach to biomimicry, its design contains most of the biomimicry 
‘design propositions’ (variable items) discussed above. 
Relevant	design	attributes	in	eco	design	practice‐Q2.5	
Use of natural ventilation (M=6.27 SD=1.2) was the most important ‘design attribute’ to 
ecological sustainability (Table 7.9), followed by thermal comfort using natural systems 
(M=6.19 SD=1.2), use of natural daylight (M=6.27 SD=1.4), and understanding system 
integration of form, fabric, structure services and materials (M=6.08 SD=1.4. System 
integration was assigned the highest level of importance by non-architects (77%). Architects 
gave the highest rating to use of natural daylight (97%), followed by use of natural ventilation 
(93%), achieving thermal comfort (90%), and using natural systems and orientation (83%). In 
the ‘component’ Green attributes, the items selecting materials (75%) reuse and recycle 
materials (73%) and envelope design received the highest ratings from architects, while systems 
integration (77%) was rated highly relevant by non-architects. 
Table 7.9: Most relevant ‘design attributes’ in eco practice  
Components 
 
Variables Mean Importance by 
architects 
Importance by 
non-architects 
Overall 
importance 
Green Attributes  5.82 75% 53.5% 64% 
Reuse of materials 5.76 73% 63% 68% 
Building Footprint 5.63 68% 63% 65.5% 
System Integration 6.08 58% 77% 67.5% 
Materials 5.85 75% 53% 64% 
Service technologies 5.28 61% 35% 48% 
Envelope design 5.58 75% 37% 56% 
Green Aesthetics 5.43 54% 58% 56% 
Climatic 
Attributes 
 6.0 71% 56% 63.5% 
Daylight 6.09 97% 67% 82% 
Natural Ventilation 6.27 93% 74% 83.5% 
Thermal Comfort 6.19 90% 65% 77.5% 
Views vistas 5.38 58% 49% 53.5% 
Orientation 5.97 83% 70% 76.5% 
Scale: Design Attributes  5.9 73% 55% 64% 
In the ‘component’ Climatic attributes, the variables use of natural daylight (97%), use of 
natural ventilation (93%) and orientation (83%) were ranked more highly by architects than 
non-architects. Architects assigned more importance to ‘design attributes’ (73%) than non-
architects (55%). Architects assigned more importance to the two ‘components’ Climatic 
attributes (71%) and Green attributes (75%) than non-architects. Overall, both Climatic 
attributes (63.5%) and Green attributes (64%) were rated equally highly by both groups.  
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Most projects discussed above especially, Kandalama, and KAUST had taken into consideration 
of both Climatic as well a Green attributes, which in were most integrated within its physical 
attributes. Clearpoint residencies (Figure 7.1) is the tallest sustainable apartment building in the 
world (46-storey structure-164 apartments) that “aim of taking urban living forward while still 
maintaining a balance with nature and the surrounding environment” (Foster 2014). The main 
focus of Clearpoint residencies is to create a feeling of ground level living. Measures are taken 
to reduce energy and water consumption, including the use of solar energy for communal 
spaces. Creating a living wall of vegetation and feature garden terraces help to cool the building 
and provide shade and act as an natural filter for dust maintains cleaner air during day time 
(Foster 2014). 
 
Figure 7.16: Exterior view-
Foster (2015) 
 
Figure 7.17: Exterior–living wall- 
Inhabitat (2015) 
o sustainable high-rise-the 
world's tallest vertical 
garden 
 
o planted viewing terraces-
entire structure fed by inbuilt 
self-sustaining watering 
systems 
 
o Solar panels and avoiding 
windows to direct sunlight. 
 
o large planted terraces- 
benefit of shade 
 
o cross ventilated for the 
purpose of cooling the inside 
naturally. 
 
o Plants -natural tendency to 
absorb sound, provide 
shade, cooling the terraces 
and buffering radiant heat 
 
o grey water will then be 
recycled and reused for 
irrigation and rain water 
harvesting  (Foster 2014) 
 
Figure 7.18: Pool view- Foster (2015) 
                     
Interviewee MP describes the designing of this building and how some of the above mentioned 
Climatic and Green attributes have been integrated into the design (Figures 7.16, 7.17, and 
7.18): 
– 1960s, just after the Second World War, England started building very tall buildings to 
house all soldiers who came back and their families. Most of the guys liked the idea of 
stepping on to some soil…. So, it wasn’t there and it actually created a situation that we 
	Chapter	7:	Discussion	
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture	 7‐22	
called high-rise blues- when you look out from your apartment.... you can see there [only] 
the clouds.  So it creates a situation where people even commit suicide. 
 
– What we are doing now, [in] high-rise buildings, that’s the world trend now, [is] about 
vertical gardens …..But coming to nature, we try to keep the footprint as small as possible, 
to minimize taking in carbon dioxide and maximise producing oxygen, and that’s what 
we have in the trees…. It is straightaway cooling and we get a lot of animals and birds. I 
told you about high-rise blues. We are trying is to introduce at high levels planting areas, 
like troughs and right kind of trees, so you can sit next to a tree in a [high rise] building. 
…the whole thing [is] covered in plants, 50-50, and therefore apartments [are] also planted. 
…there are some people who dislikes trees…… trees [planted]outside will get stunted 
because of the continuous wind and it's a nice thing, …you can grow a big tree which will 
be stunted trees about 10-12 feet high.  So you select a plant which would survive at that 
height… there are a whole lot of things that we can learn from nature…There is earth in 
those terraces, about a foot [so] you can grow grass. When you look out, at a hard 
landscape against a very soft lawn with grasses so green and when you walk in, it frames 
your view with whatever that is there.  So, those are not purely done for the protection of 
the environment in a way.  But they are done [also] to protect that person who is living in 
there [by] making use of the natural environment; actually [by] associating the environment. 
I am adopting those things to do high-rise buildings [that] do less damage like …garden 
cities, in Delhi, even for Chandigarh....There're no requirements as such in dealing with 
nature, because the requirement is what nature demands. 
 
–  We produce a huge amount of waste, but what we are doing is taking that water all the way 
up to the 46 th floor and creating a situation where you could have drip-irrigation to all the 
other floors. So we are recycling the water and minimizing the water requirement for 
planting and it has slightly more nutrients than tap water. Without hauling the stagnant 
water so far till the rain comes, you are [using] something like 40 to 60,000 gallons of water.  
Appropriate	design	stages‐use	nature	based	approaches	
Concept development (M=6.6 SD=.84) were indicated as the most relevant ‘design stages’ in 
relation to using natural concepts and principles for eco design (Table 7.10). The significance of 
this result is demonstrated by the fact that both SD and variance were relatively small compared 
to their respective means. 
Table 7.10: ‘Design stages’ most appropriate use nature based approaches in eco design practice 
Components 
 
Variables Mean Applicable by 
architects 
Applicable by 
non-architects 
Overall 
relevance 
Concept 
development stage 
 6.6 66% 91% 78% 
Preliminary planning  6.6 85% 93% 89% 
Concept development 6.6 91.5% 95% 93% 
Design development 
stage 
 4.8 22% 30% 26% 
Schematic development  6.0 80% 58% 69% 
Detail development 5.5 64% 51% 57.5% 
Contract documentation 4.0 20% 28% 24% 
Contact Administration 3.7 25% 21% 21 
Scale: Design Stages 5.7 44% 61% 57.5% 
 
In relation to the appropriateness of using a Biomimicry Approach in architectural eco design 
practice, the Concept development stage was seen as most applicable by both architects (66%) 
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and non-architects (91%) and overall (78%) compared to the Design development stage, which 
received a fairly low rating. architects also nominated the schematic (80%) and detail 
development stages (64%). 
This finding―that the planning and Concept development stage was most applicable to a 
Biomimicry Approach ―was confirmed by interviewee LC. As he explains designing Brunei 
Project- Bandar project-Seri Begawan development master plan: 
– In the planning level only could be a good example at Brunei. [This] project is to deal 
with the main city and they [government of Brunei] wanted to see its development towards 
2010 to 2035 so basically another 15 years from now and they wanted to development 
orientation how they should really place this by the time and so it’s another Asian city is not 
really having nothing special as the moment but from HOK once they started design and I 
was as part of the designs. It’s a small city surrounded by massive rain forest so whole 
concept is basically how it’s a city pretty big within a green forest. So similar studies have 
been done some of the other water villages along the canal but no one has so far got that 
so but in this study, this planning work was helpful for them to really gather 
information and also to get the basic information prepared to even go up to and get the 
UNESCO for heritage sites. (Interviewee LC) 
 
 
Figure 7.19: Bandar Seri Begawan development master plan, 
Kampong Ayer village (WT Partnership, 2014)  
 
o The city is located at the 
intersection of three rivers and 
is surrounded by the Borneo 
rainforest, but has suffered 
from a lack of cohesive 
direction. 
o Biologically diverse 
ecosystems 
o Development along the rivers, 
creating an active waterfront 
for recreation, leisure and 
cultural activities 
      (HOK, 2014b). 
o Eco corridor-River front 
o Kampong Ayer –Water village 
o Light railway 
o Jetties and Walkways  
o Infrastructure [water supply, 
electrical and sewerage 
system improved / replaced] 
o Compliance upgrades, 
particularly fire risk 
o Water taxi public transport 
system 
o New and refurbished public 
facilities, including parking 
 (WT Partnership, 2014)  
Figure 7.20: Bandar Seri Begawan development master plan (HOK, 
2014a) 
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“The influence of biomimicry has been pretty deep on our practice”, said Asia Pacific director 
of planning Chris Fannin. He went on to explain: “HOK developed a plan that celebrates and 
fully utilises the river ways, re-establishing them as a central tenet of the city’s identity, driving 
programs to clean up and protect the water, reduce city congestion, and revive the traditional 
fabric of the community”(HOK, 2014b). 
	Most	relevant	physical	attributes	in	eco	design	practice‐Q2.7	
In relation to the relevance of nature based approaches in determining the ‘physical attributes’ 
of a building, the variables selecting materials (M=5.95 SD=1.2), form and shape (M=5.76 and 
SD=1.5) and elements (M=5.76 and SD=1.4) were seen as the most important (Table 7.11). In 
relation to a Biomimicry Approach, architects assigned more relevance to selecting materials 
(76%) and determining form and shape (69.5%) while non-architects identified elements (72%). 
Overall, architects (66%) considered nature based approaches more effective in determining 
‘physical attributes’ than did non-architects (56%). ‘Physical attributes’ also remained a mono-
dimensional scale with an overall relevance of 61% to architectural eco-design practice. 
Table 7.11: Most relevant ‘physical attributes’ in eco design practice 
Components 
 
Variables Mean Relevance 
by architects 
Relevance by  
non-architects 
Overall 
relevance 
Physical Attributes  5.63 66% 56% 61% 
Volume 5.61 68% 63% 65.5% 
Form shape 5.76 69.5% 67% 68% 
Spatial layout 5.54 66% 53% 59.5% 
Elements 5.76 68% 72% 70% 
Structural systems 5.66 69.5% 60% 65% 
Selecting Materials 5.95 76% 60% 68% 
Technologies 5.12 40% 37% 63.5% 
Scale: Physical Attributes  5.63 66% 56% 61% 
Effective	design	software	in	eco	design	practice‐Q2.8		
Most eco practitioners nominated BIM (M=4.74 and SD=1.9), followed by Eco-tech (M= 4.37 
and SD=1.9) and AutoCAD (M=4.36 and SD=2). BIM (also known as Revit) was considered 
highly effective by both architects (71%) and non-architects (60%). Sketch-up was also seen as 
effective software. L-system and X frog were seen as less effective for eco practice by both 
groups (20%). AutoCAD was rated somewhat more highly by non-architects (56%) than by 
architects (51%). Overall, architects indicated a slightly higher level of effectiveness for design 
software (63%) than non-architects (58%). ‘Design software’ remained a mono-dimensional 
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scale, and all item variables were within the scale, showing an overall relevance of 60.5% to 
architectural eco design practice (Table 7.12). 
Table 7.12: Design software to integrate physical attributes in eco design practice 
Components 
 
Variables Mean Effectiveness 
by architects 
Effectiveness by 
non-architects 
Overall 
relevance 
Design Software  4.2 63% 58% 60.5% 
BIM 4.74 71% 60%   65.5% 
55.5% 
53.5% 
56% 
36% 
20.5% 
19.5% 
Ecotech 4.37 58% 53% 
AutoCAD 4.36 51% 56% 
SketchUp 4.41 61% 51% 
3D max 4.02 47% 25.5% 
Design Builder 3.58 29% 32.5% 
L_System 3.20 20% 19% 
X_frog 3.09 15% 14% 14.5% 
Scale: Design Software 4.2 63% 58% 60.5% 
Design	constraints	affecting‐outcome	of	eco	design	practice‐Q2.9	
Most eco practitioners considered financial unfeasibility (M=5.66 SD=1.4) to be the most 
important ‘design constraint’, followed by difficulty in educating/convincing the client (M=5.41 
SD=1.6) and difficulty in incorporating regulations (M=5.01 SD= 1.7). These variables were 
highly rated by both groups. More architects (90%) than non-architects (56%) identified 
available eco technologies not aesthetically pleasing as one of the most significant ‘design 
constraints’. Non-architects identified difficulty incorporating regulations (71.5%) as a 
significant constraint (Table 7.13). 
Table 7.13: ‘Design constraints’ affecting design outcome in eco design practice 
Components 
 
Variables Mean Affected by 
architects  
Affected by 
non-architects 
Overall  
affected 
Primary concerns  5.4 56% 63% 59.5% 
Financial 5.66 85% 88% 86.5% 
Client 5.41 71% 84% 77.5% 
Time 4.60 49% 63% 56% 
Secondary concerns  4.9 44% 79% 61.5% 
Regulations 5.01 73% 70% 71.5% 
Eco technologies 4.73 90% 56% 73% 
Social stigma 4.61 58% 40% 49% 
Design Team 4.58 54% 70% 62% 
Project Coordination 4.33 58% 60% 59% 
Cultural 3.64 30.5% 37% 34% 
Scale: Design constraints 4.85 50% 71% 60.5% 
Lack of cooperation between the design team was considered a significant constraint by non-
architects (70%). Social stigma, attitudes and cultural implications received low ratings from 
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both groups. Non-architects reported greater effects from design constraints in both 
components: primary (63%) and secondary (79%) components. Overall, secondary constraints 
(61.5%) were given a higher level of importance than primary constraints (59.5%). 
Interviewee LC provided insight into some of the ‘design constraints’ affecting eco design 
practice in designing Brunei Project- Bandar project-Seri Begawan development master plan: 
– To keep their culture, we tried somehow to keep that [their culture] and keep it in the 2035 
plan as a main feature. And also later on they were actually preparing some of the initial 
studies to get the set of recognition for like heritage type of UNESCO…In the planning 
level. I think it’s never been a cost issue so it’s always an asset and it’s an aspect that 
either the developers or the owners do not wish but in most cases they love to get these 
things addressed to even if they do not, they are pushed by the designer they are very willing 
to accept them because there is no such monetary sort of thing but they can trade pass these 
ideas for the development train basically when they formulate their policies so or 
planning rules they can easily ask the developer who comes on board to develop portion of 
that to follow the rules, regulations so that they can ensure such aspects being recognized 
and kept within the overall planning…I think the leadership recognizes some projects 
have very strong aspects that they really benefited if they get the biomimicry team 
involved so not all the projects and some of them have financial difficulties or some 
limitations so that they can’t really get that expertise on board. (Interviewee LC) 
Clearly, cultural significance should not be considered as a ‘design constraint’ but, rather, as a 
benefit for a Biomimicry Approach. Most current eco design practices are imbued with natural 
concepts and traditional practices (see e.g. KAUST, Boulder Garden Hotel, the Brunai project, 
Kandalama Hotel). The design and planning of the Brunai project using a Biomimicry Approach 
was able to inform the development of regulations for developers. It also illustrates how 
financial constraints depend on the extent to which biomimicry is used. If it is applied at the 
planning stage, most of the costs can be absorbed into the project. Accordingly, using a 
Biomimicry Approach in the master plan (macro to micro level) projects has significant 
advantages. 
Overall	effectiveness	of	scales	and	components	of	a	Biomimicry	
Approach	
In relation to the overall effectiveness of ‘scales’ of a Biomimicry Approach, in architectural 
eco design practice, Table 7.14 shows that use of design attributes had the highest (64%) level 
of relevance followed by ‘biomimicry principles’ (62.5%), ‘physical attributes’ (61%), ‘design 
constraints’ (60.5%) and ‘design software’, respectively. Architects assigned a higher efficacy 
level than non-architects to 6 ‘scales’―’design attributes’ (73%), ‘physical attributes’ (66%), 
‘design propositions’ (63.5%), ‘design software’ (63%), ‘guiding tools’ (57.5%) and ‘design 
disciplines’ (54%). Three -‘scales’ (‘design stages’, ‘design principles’ and ‘design constraints’) 
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were given a higher level of efficacy by non-architects than by architects to architectural eco 
design practice. 
 Table 7.14 :Overall efficacy of scales and components as perceived by architects and non-architects 
Scales  Components Mean Relevance 
architects 
Relevance by 
non-architects 
Overall 
relevance 
Design disciplines    4.7 54% 51% 53% 
 Organism based disciplines 5.0 64% 55.5% 60% 
 Ecology based disciplines 4.7 54% 51% 53% 
Guiding tools  4.7 57.5% 50.5% 54% 
 Behavioural guiding tools 4.5 57.6% 53.5% 55.8% 
 Environmental guiding tools 4.9 56% 42% 49% 
 Green benchmark 4.65 59% 56% 57.5% 
Design principles  5.7 61% 64% 62.5% 
 Resource efficiency 5.7 56% 60% 58% 
 Spatial efficiency 5.8 66% 67% 66.5% 
Design propositions  5.5 63.5% 51% 57% 
 Spatial integration 6.1 66% 46.5% 56% 
 Space utilisation 5.4 61% 55.8% 58% 
Design attributes  5.9 73% 55% 64% 
 Green Attributes 5.82 75% 53.5% 64% 
 Climatic Attributes 6.0 71% 56% 63.5% 
 Design stages  5.7 44% 61% 57.5% 
 Concept development stage 6.6 66% 91% 78% 
 Design development stage 4.8 22% 30% 26% 
Design software  4.2 63% 58% 60.5% 
Physical attributes  5.3 66% 56% 61% 
Design constraints  4.85 50% 71% 60.5% 
 Primary concerns 5.4 56% 63% 59.5% 
 Secondary concerns 4.9 44% 79% 61.5% 
	
Components	of	a	Biomimicry	Approach	‐Correlates	
most	Effectively	to	Eco	Design	Practice‐Q.3		
Exploratory factor analysis of all 9 ‘scales’ identified 17 factorial ‘components’ (independent 
variables) of a Biomimicry Approach in effective architectural eco design practice. The 
Cronbach’s alpha was above .7 for most components. Although it was slightly below .7 for 
three components―Organism based disciplines (.6), spatial efficiency (.65) and environmental 
guiding tools (.6) these levels were acceptable. The mean inter-item correlations for these items 
(an indicator of internal consistency) were .379 and .338 respectively, which is well within the 
limit of the optimal range .2 to .4 (Briggs & Cheek, 1986). Exploratory factor analysis identified 
multi-dimensional components or mono-dimensional scales within each of the ‘scales’. 
However, both multi-dimensional factors/components and mono-dimensional scales yielded 
several distinct findings. Although 17 ‘components’ (independent variables) of a Biomimicry 
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Approach were identified; only 10 components correlated well within its scale and 5 
components correlated less well. The 2 mono-dimensional scales could not be correlated. 
Reliability	of	identified	components	of	a	Biomimicry	Approach‐Q3.1	
A Cronbach’s alpha above .8 suggests good reliability within the 9 scales since above .7 is 
considered good (DeVellis, 2003; Pallant, 2011). The strongly positive ‘components’―Spatial 
integration (.92) and Space utilisation (.86)―indicated high reliability in ‘scale’―‘design 
propositions’. In the ‘scale’―’design principles’ (.91) the component Resource efficiency (.9) 
indicated a high reliability and Spatial efficiency (.65) revealed a moderate level of reliability. 
Overall, the ‘scales’ had higher reliability than some components of multi-dimensional scales. 
The ‘components’ Organism based disciplines (.6) and Environmental guiding tools (.6) had the 
lowest reliability, but within acceptable limits (Table 7.15). All ‘components’ revealed a high 
mean inter-item correlation (above .3), which was higher than the ‘scales’.	
Table 7.15: Reliability, correlations and means of scales and components of a Biomimicry Approach  
Scales Components 
Description M C 
Alpha 
I IC Description C 
Alpha 
Inter Item 
C 
CCM 
(r) 
M M- 
NA 
M-A 
Design disciplines 4.9 .80 0.33 Ecological based disciplines 0.83 0.51 .307 4.7 4.5 4.8 
Organism based disciplines 0.60 0.38 5.0 5.1 5.0 
Guiding tools 4.7 .86 0.36 Behavioural guiding tools 0.83 0.50 .147 4.5 4.5 4.5 
Environmental guiding tools 0.60 0.34 -.312 4.9 4.7 5.0 
Green benchmarks 0.77 0.46 -.258 4.7 4.6 4.7 
Design stages 5.7 .81 0.41 Design development stage 0.86 0.63 .277 4.8 4.6 4.9 
Conceptual stage 0.70 0.36 6.6 6.7 6.5 
Design principles 5.7 .91 0.44 Resource efficiency principle 0.90 0.52  
.425 
5.7 5.8 5.6 
Spatial efficiency principle 0.65 0.41 5.8 5.9 5.7 
Design software 4.2 .89 0.58 Design software 0.89 0.58 - 4.2 4.0 4.4 
Design attributes 5.9 .92 0.49 Green attributes 0.88 0.53 -.601 5.8 5.5 6.0 
Climatic attributes 0.86 0.56 6.0 5.8 6.1 
Physical attributes 5.6 .89 0.54 Physical attributes 0.89 0.54 - 5.6 5.0 5.7 
Design propositions 5.5 .94 0.53 Spatial integration 0.92 0.54  
.595 
5.6 5.4 5.6 
Space utilisation 0.86 0.90 5.4 5.3 5.7 
Design constraints 4.9 .84 0.37 Secondary constraints 0.82 0.44 .428 4.6 4.9 4.3 
Primary constraints 0.70 0.44 5.4 5.4 5.4 
Components	that	correlate	well‐Q3.2	
Of the 9 scales, 7 were multidimensional―’disciplines’, ‘guiding tools’, ‘design stages’, ‘design 
principles’, ‘design attributes’, ‘design constraints’ and ‘design propositions’. The highest 
positive inter-component correlation was found between the ‘components’― Spatial integration 
and Space utilisation (r =. 595) in the ‘scale’― ‘design propositions’ (Table 7.15). This 
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suggests that when eco-practitioners use variables in Spatial integration as ‘design propositions’ 
to assist in the final design outcome, they also tend to use variables of Space utilisation and vice 
versa, in architectural eco design practice. 
Both ‘design principles’ and ‘design constraints’― ‘scales’ also showed a high inter-component 
correlation between their ‘components’. In biomimicry ‘design principles’, the positive 
correlation (r = .425) between the two factors/components means that using the items in the 
component Resource efficiency principles increases the effectiveness of Spatial efficiency 
principles (and vice versa) in designing ecologically sustainable buildings. A positive inter-
component correlation between the primary and secondary constraints (r =.428) in the ‘scale’ 
― ‘design constraints’ indicated that these components increase or decrease simultaneously. An 
acceptable positive inter-‘component’ correlation (r=.307) was recorded in the ‘scale’ 
disciplines between the ‘components’ organism and ecology based disciplines. There was a 
moderate positive relationship (r =.277) between Conceptual and Design development in the 
‘scale’―‘design stages’, which suggests that the variables in both ‘components’ correlate well. 
Components	that	do	not	correlate	well‐Q3.3	
In the ‘scale’―’design attributes’, the highest negative inter-component correlation (r = -.601) 
occurred between the ‘components’ Green attributes and Climatic attributes. This showed that, 
when variables of Green attributes are used to design buildings, there is a systematic decrease in 
the use of the variables in Climatic attributes among eco-practitioners, and vice versa. 
A moderately negative relationship (r = -.312) was indicated between the ‘components’― 
Behavioural guiding tools and Ecological guiding tools in the ‘scale’ ― ‘guiding tools’. The 
‘components’ Environmental guiding tools and Behavioural guiding tools indicated a weak 
positive relationship (r= .147), and the ‘components’ Environmental guiding tools and Green 
benchmarks had a moderately negative correlation (r = -.258). 
Mono‐dimensional	scales‐	Q3.4	
The 2 mono-dimensional scales yielded two distinct ‘components’―‘design software’ and 
‘physical attributes’ (which have the same names as the scales). Both ‘design software’ (.888 
and .572) and ‘physical attributes’ (.889 and .536) indicated a good reliability with high 
Cronbach’s alphas (above .7), and a good mean inter-item correlation (above.3) thus confirming 
the scale’s mono-dimensionality. This is further evidenced in the high values in communalities: 
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‘design software’ represented a minimum value of .57 and ‘physical attributes’ indicated the 
lowest value at .47, which is far above the accepted value of .3. This indicates a satisfactory 
inter-item correlation between their variables within the ‘scales’. 
Significant	components	of	a	Biomimicry	Approach	in	architectural	
eco	design	practice‐Q3.5	
All ‘scales’ and ‘components’ of a Biomimicry Approach showed a reasonable mean inter-item 
correlation (above .3). However, the inter-component correlation (correlation between the 
components within a scale) suggested that only some of the continuous variables in each of the 
‘scales’ positively correlated with each other. The most distinctive ‘components’ of a 
Biomimicry Approach in architectural eco design practice identified via the exploratory factor 
analysis and confirmed by reliability test were: Spatial integration and Space utilisation (design 
propositions scale); Resource efficiency principles and Spatial efficiency principles (design 
principles scale); Primary constraints and Secondary constraints (design constraints scale); and 
Organism based disciplines and Ecology based disciplines (disciplines scale). Both physical 
attributes and design software were found to be significant mono-dimensional scales of a 
Biomimicry Approach. The ‘components’ of ‘scales’ with an increased level of reliability 
depicting the relevance of the ‘procedure’ qualities as a design process were recognised in the 
‘scales’―‘design principles’, ‘design stages’ and ‘design software’ and the ‘application’ 
qualities― design outcome were suggested in ‘scales’― ‘design propositions’, ‘physical 
attributes’, ‘design constraints’, for a Biomimicry Approach in architectural eco design practice. 
Effective	Predictors	of	a	Biomimicry	Approach‐Q.4	
Exploratory factor analysis helped to determine the most reliable and statistically significant 
‘components’ (independent constructs) for standard multiple regression, which was used to 
validate the ‘component’ structure in each ‘scale’. This involved reducing two 
components―Environmental guiding tools and Ecology based disciplines―to provide a more 
reliable and statistically significant model for standard multiple regression. Of the total 17 
independent variables, 15 were confirmed. This reduction of ‘components’ was an important 
finding. The results from standard multiple regression showed that the most important 
‘predictors’ of a Biomimicry Approach for architectural eco design practice were not the same 
for architects and non-architects. 
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Effective	predictors‐Biomimicry	Approach	among	architects‐Q4.1	
Standard multiple regression was performed with the 15 independent constructs separately for 
architects. This showed that in the ‘scale’― ‘design principles’: spatial efficiency and resource 
efficiency, respectively, made a statistically unique contribution to the overall effectiveness 
(Table 5.26) of a Biomimicry Approach in architectural eco design practice. At the same time, 
exploratory factor analysis of the ‘scale’―‘design principles’ (which accurately represents 
biomimicry principles) managed to segregate its items into two important components―Spatial 
efficiency and Resource efficiency. These were highly reliable and highly inter-item correlated. 
These two factors also have a strongly positive inter-component correlation, which indicated 
that increased use of Spatial efficiency principle items increases the use of Resource efficiency 
principles and vice versa. 
Descriptive statistical analysis also showed that the ‘component’ Spatial efficiency principles, 
which is the stronger unique contributor of the two design principles, had the highest overall 
mean rating average and a high overall relevance among architects for the variable items use 
material and energy sparingly (M=6.4, relevance= 88%), optimise the system than components 
(M=6.3, relevance= 85%) and fits form to function (M=5.8, relevance= 61%). 
Exploratory factor analysis showed that ‘physical attributes’ (the physical features of a built 
system) was a mono-dimensional component and the third highest statistically significant 
contributor to a Biomimicry Approach in architectural eco design practice. Descriptive 
statistical analysis also showed a high mean rating average among architects for the variable 
items selection of materials (M=6.0 relevance= 76%), structural systems (M=5.74, relevance= 
69.5%), form and shape (M=5.71, relevance= 69.5%) and eco technologies (M=5.12, 
relevance= 90%).  
Among architects, ‘components’: Spatial efficiency, Resource efficiency, Space utilisation and 
Physical attributes respectively made a highly statistically significant contribution as important 
predictors for a Biomimicry Approach in architectural eco design practice Spatial efficiency 
principles were the strongest contributing ‘component’. Other ‘components’, such as Green 
attributes, Green benchmarks and Design development stage, made a lesser contribution, since 
they did not achieve the required level of statistical significance. 
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Effective	predictors	‐Biomimicry	Approach	by	non‐architects‐Q4.2	
Standard multiple regression showed that Spatial integration made the strongest unique 
statistically significant contribution to overall effectiveness of a Biomimicry Approach among 
non-architects, with Organism based disciplines the second strongest contributor to architectural 
eco design practice. Although, Green attributes, Climatic attributes, Spatial efficiency, Green 
benchmarks and Behavioural guiding tools made a fair contribution, they were not statistically 
significant. 
Overall	effective	predictors	of	a	Biomimicry	Approach	to	enhance	
ecological	sustainability	in	architecture‐Q4.3	
The variable items in biomimicry principles (Benyus, 2002) were incorporated as a construct to 
assess their importance in the design of ecologically sustainable buildings. In the practice survey 
questionnaire, however, these were simply called principles rather than biomimicry principles to 
avoid response bias. Standard multiple regression analysis with the 15 independent constructs 
for architects showed that two ‘components’ of the ‘scale’ ―‘design principles’ ―Spatial and 
Resource efficiency principles (biomimicry design principles)―made a unique contribution to 
the overall efficacy of a Biomimicry Approach. 
Design propositions, based on ecological design ideas contained in a number of ecological and 
biomimicry models were seen as potential guidelines for architectural eco design practice. Some 
of these variable items were suggested by the Biomimetic Theoretical Model, Biomimetic 
Theoretical Framework and design of the Eco-house (Chapter 3). Among non-architects, Spatial 
integration was the strongest unique contributor to an overall Biomimicry Approach in 
architectural eco design practice. This was also the highest reliable ‘component’ revealed by 
exploratory factor analysis (.921). Exploratory factor analysis further indicated a high variable 
loading for the items, part to whole (1.008), ecosystem balance to fit site (.816), and design 
flexibility (.716). Descriptive statistical analysis also confirmed a high mean rating average 
among non-architects on these items. The ‘component’ Space utilisation, which was the 4th 
strongest statistically significant contributor to a Biomimicry Approach among architects, had 
high reliability (.857) and a high variable loading for its items reduce over designing (.909) and 
eliminate wasted space (.823). Architects attached a low level of importance to reduce 
overdesigning (5.3) and comparatively moderate importance to fabric adapts to climate (5.96), 
which is indicated by the mean rating average response. 
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Figure 7.21: Overall correlation and effectiveness of Scales, Components & Predicators of a BA 
 
 
 
 
 
 
 
 
 
 
Q2. How effective are the Scales of a Biomimicry Approach in architectural eco design practice?  
 
• Architects assigned a higher efficacy level than non-architects in 7 scales: design attributes (73%), 
physical attributes (66%), design propositions (63.5%), design software (63%), guiding tools 
(57.5%) and design disciplines (54%).  
• The 3 scales― design stages (61%), design principles (64%), and design constraints (71% ) were 
given a higher level of efficacy by non-architects 
 
Q3. What are the components of a Biomimicry Approach that correlates most effectively in architectural 
eco design practice? 
 
• Overall best correlated components are in order: spatial Integration and space utilisation (scale-
design proposition), spatial efficiency and resource efficiency (scale-design principle), primary and 
secondary constraints (scale design constraints)  
• Moderately correlating components in order: organism and ecological base disciplines (scale-
design constraints), conceptual and detail development stage-scale design stages). Mono 
dimensional scales: design software and physical attributes yielded a good inter-item correlation 
between their variables within the scales. 
 
Q4. What are the most effective predictors of a Biomimicry Approach to enhance ecological 
sustainability in architecture? 
 
• Among architects, spatial efficiency, resource efficiency, space utilisation and physical 
attributes, (in order), made a highly statistically significant contribution as important predictors for a 
Biomimicry approach.  
• Among non-architects spatial integration made the strongest unique statistically significant 
contribution to overall effectiveness of a Biomimicry Approach, with organism based disciplines the 
second strongest contributor 
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Some of the qualities of the ‘component’ Spatial integration and the way in which spaces can be 
utilised in terms of the scale and context of a project were described by interviewee LC in 
relation to the Lavasa Hill city project: 
– In Lavasa it’s more like urban design from planning stages as well but then to the urban 
design scale and also to develop buildings, different as a community, the infrastructure, 
everything so I think in that so [sic] Lavasa and King Abdullah probably [are considered] in 
one range because it went through all this process and it ended up with something 
tangible building[s]. (Interviewee LC) 
 
.  
Figure 7.22: Lavasa Hill Station - Pune (IBNlive 2013) 
 
o design and 
construction of three 
new villages within a 
hilltop ecosystem 
 
o approach was a 
mixture of basic 
sustainability and 
restorative design 
principles 
 
o traditional Indian 
vernacular style 
 
o close examination of 
the existing ‘genius 
loci’ of the 
environment 
 
o studying the unique 
ecosystem and local 
biome, extract 
solutions to design 
challenges at an 
architectural and 
urban scale. 
o integration of nature-
derived systems and 
forms  
      (Rohlfing 2013). 
 
Figure 23: Lavasa township – Pune (Kader 2012) 
Lavasa is one of the projects that advanced integration of nature-derived systems and forms and 
approached sustainability from a practical perspective through a design which took account of 
both environmental and economic factors. This project is an ideal example of the applicability 
of natural systems and processes to both form and function in the design process on a variety of 
scales―buildings, urban environments, renovations, and even products (Rohlfing 2013). 
In terms of the overall effectiveness of a Biomimicry Approach in architectural eco design 
practice, the most significant finding from standard multiple regression analysis was that two 
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‘components’ separately contributed as statistically significant among architects (Space 
utilisation) and non-architects (Spatial integration). In other words, when the variables of one 
component increase, those in the other component also increase. In this instance, spatial 
integration can be considered a resilient contributor to a Biomimicry Approach in architectural 
eco design practice among non-architects and Space utilisation among architects. This shows 
that the ‘components’ that are significant to architects are not the same as those that are 
important to non-architects. Exploratory factor analysis showed that the ‘scale’ ―‘design 
propositions’ had a strong positive relationship (r =.595) between these two ‘components’. It 
can therefore be concluded that the variable items in both ‘components’ of the ‘scale’ ―‘design 
propositions’ (i.e. Spatial integration and Space utilisation) are the most common resilient 
contributors to a Biomimicry Approach in architectural eco design practice among both 
architects and non-architects. 
Interviewee LC’s account clearly shows that, through collaboration with a biomimicry group on 
large projects (Lavasa, KAUST and the Brunai project), HOK has been able to develop forms 
and systems with the potential for integration into urban and building design using most 
variables of ‘design propositions’. 
Supplementary	Findings	from	Qualitative	
Data	Analysis	
The main results (reported above) were systematically compared with the findings from 
analyses of the qualitative data (open-ended items). As previously explained, the latter have 
been used in a supplementary fashion to support and extend the main findings (Chapter 6). 
Because this is an exploratory study, the results of each analytical procedure are reported in 
detail. 
Interpretation	of	Word	Frequency	Patterns		
Separate word frequency counts for the two groups of participants were conducted on responses 
to specific survey items as well as the entire dataset t. These identified minor patterns. The 15 
most frequently occurring words among the two groups were identified and the meanings of 
some words of particular relevance to the inquiry were first recognised. The theoretically 
relevant words with the highest weighting among both groups were nature, design, research, 
system, understand, project, biomimicry, and use, in that order. Having understood that nature 
	Chapter	7:	Discussion	
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture	 7‐36	
and design are what is being inquired about, the most frequently occurring words of theoretical 
relevance to the inquiry were identified subsequently as biomimicry, system, process, and 
project. Identification of this pattern guided the next phase of analysis, text search. 
Interpretation	of	words	associated	with	phrases	and	
concepts	
Of the 15 most frequently occurring words, it became apparent that some conceptually 
significant words had not been directly examined in the quantitative component of the survey. 
These were subjected to a text search to identify patterns of associated words which, in turn, 
assist relate to a priori themes (‘constituents’ and ‘components’) in next phase of analysis, 
matrix coding. Both groups of eco practitioners had things to say about biomimicry, process, 
systems and projects but assigned different meanings to them. Biomimicry was seen as a useful 
performance-driven design approach by architects while non-architects suggested the need to 
develop a model using biomimicry as a tool for designers. Many comments with regard to this 
process reflected an understanding of the ecosystem in terms of an evolutionary and restorative 
process. Many nature-based approaches can be adapted in the architectural design process by 
understanding the interdependencies in a functioning ecosystem. Some non-architects viewed 
regenerative design as a discovery process which takes nature as a design approach. Some 
architects were not very familiar with how natural processes operate, while others were in the 
process of understanding how to emulate them. Both architects and non-architects emphasised 
the holistic connection to systems theory with systems engineering and systems design. Results: 
meaning of identified words of the text search analysis guided the next phase, matrix coding. 
Interpretation	of	trends	and	analysis	of	concepts	
Matrix coding was used to categorise a priori constructs from the literature review and 
quantitative analysis as codes and to assist the interpretation of emerging themes related to a 
Biomimicry Approach in architectural eco design practice. This process identified 17 
combinations of the 8 ‘constituents’ among both groups. Architects mostly related their 
responses to the ‘constituent’ of applying nature at an ecosystem level, and non-architects to use 
nature as a mentor. Both groups, however, provided more information about ecosystem and 
mentor than about the other ‘constituents’. Ecosystem falls under the ‘constituent’ design 
application, while mentor relates more closely to the constituent design concept. This suggests 
there is one relationship between the constituents indirectly mimicking approach, mentor, 
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ecosystem and process and another between directly mimicking approach, measure, form, model 
and process. The common link between both groups of eco practitioners is process. Most 
comments indicated that using both approaches (directly and indirectly mimicking) 
simultaneously is most appropriate for eco design practice in architecture. At the same time, 
qualitative content analysis suggests that the use of these constituents of a Biomimicry 
Approach in architectural eco design practice may vary according to the type, scale, client, 
functions and context―that is, their use is project-specific. 
Constituents	of	a	Biomimicry	Approach	in	
Architectural	Eco	Design	Practice‐Q1	
Among architects, ecosystem was associated with the largest number of comments, followed (in 
order) by use of nature as a mentor, process, indirectly mimicking, form, directly mimicking and 
measure. Non-architects provided more detailed discussion of different biomimicry-related 
approaches and non-standard ways of looking at nature. Among non-architects, the richest 
associations were with use of nature as a mentor, followed by ecosystem, process, indirectly 
mimicking, directly mimicking, measures, models and form respectively (Figure 7.17). 
 
Figure 7.24: Radar analysis of the constituents of a Biomimicry Approach 
Each group showed a different radar pattern (Figure 7.17). Non-architects reported using nature 
as a measure and as a directly mimicking approach more often than architects. Process appeared 
with moderate frequency among both groups, while the indirectly mimicking approach appeared 
much more frequently among non-architects than among architects. Both groups referred to 
indirectly mimicking approach more often than directly mimicking approach. Form and model 
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were least often mentioned by both groups. Most comments recommended the simultaneous use 
of directly mimicking and indirectly mimicking approaches as being most appropriate for eco 
design practice in architecture. 
These findings are consistent with the documentary evidence about the Lavasa Township: 
– HOK International has worked on the township planning [Lavasa township-Pune] with 
biomimicry as their guiding principle to design this wide-spread development. 
Working closely with biologists from Biomimicry 3.8, HOK International has 
spearheaded this effort and undertaken an extensive study of the local ecosystem, coming up 
with strategies that work in harmony with local biome as well as climatology...integrate 
local traditional principles of planning and tie it with indigenous forms of buildings 
and sustainable built environment as opposed to replicating the western model of urban 
settlements….Holistic approach and giving nature its chance to teach sustainable 
human settlement through biomimicry…how the nature and ecosystem was designed. 
It’s time for us to take the cue from it [to] design our man-made ecosystem (Pallavi 2013). 
This account of the design approach of Lavasa Township shows how biomimicry was initially 
used as an indirectly mimicking approach (guiding principles) and then directly to mimic the 
local biome and climatology. It represents a holistic approach (consulting nature and its 
ecosystem) and reveals the strong links between biomimicry, traditional principles and 
indigenous building forms. This project is a virtuous example of biomimicry being approached 
both as indirectly and directly mimicking and applied at an ecosystem level through innovative 
transformation from macro (urban) to micro (local) planning levels. 
Scales	of	a	Biomimicry	Approach	that	Correlates	to	
Architectural	Eco	Design	Practice‐	Q2	
Of the related ‘design disciplines’, biomimicry received the most mentions. Among non-
architects, this was closely associated with biophilia and nanotechnology, while architects 
linked biomimicry, regenerative design and ecological design. Architects additionally identified 
urban secessionism and non-architects mentioned business biomimetics, systems engineering 
and systems design (Figure 7.18). Participants gave many examples of design practices related 
to biomimicry principles. One non-architect, for instance, reported taking “biomimicry 
inspiration…from the humble leaf or the process of caterpillar to butterfly”. They also indicated 
the importance of ‘Life's Principles’ and how biomimicry can be taken as a basis for these 
design principles. Many suggested that nature can serve as a check or guide during the design 
process, for instance by adopting an evolutionary perspective using nature's principles to test 
how lifelike a prototype is. Architects noted the importance of relating the building to its 
context. For example: “Organisms (buildings) respond to/grow to suit their environment 
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(context), detailed site/context analysis, form as product of context and emulate natural forms 
and processes”. 
 
Figure 7.25: Scales of a Biomimicry Approach 
Other responses were closely associated with ‘design propositions’. A few non-architects 
emphasised the importance of adapting multiple physical concepts from different design 
patterns in nature for use in nature-based propositioning systems (such as Fibonacci and Golden 
Section) and to grasp the simplicity of nature from a complex natural system. Some suggested 
applying many ecosystem-based theories, such as systems theory and chaos theory, to 
understand the interdependencies of different processes in a unified system. Most suggested 
using natural concepts in a holistic and integrated approach to architectural eco design practice. 
Some architects emphasised the importance of taking the site/context of a project into 
consideration since, as in natural habitats, designs must fit with nature spiritually and 
ecologically as well as physically. As explained by interviewee MJ: 
– So the idea is once again not preserving nature. Nature has been used to actually enhance 
the lifestyle of a person. Now we have come a long way. So we are going back a long way 
finding our mistakes, and not only mistakes. We are into new things which have created 
new problems.  So we are now trying to go back and find out whether there are natural 
remedies. That’s what we are mimicking with nature to get over that… it’s not preserving 
nature,[but] mimicking nature because we are people who are [living] with nature. That 
kind of thinking has been there in us.  So we are not doing something that is new. We are 
discovering our roots and living with those. 
Most noted the importance of the relationship between environmental inputs and form, using 
materials found close to the site and seeing form as a product of context. A couple of 
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participants commented on the close relationship to astrology (Vastu and Feng-shui). Overall, 
the most significant theme in architects’ comments was that biomimicry should be seen more as 
performance-driven design or an evidence-based design approach. 
Components	of	a	Biomimicry	Approach	that	
Contribute	to	Eco	Design	Practice‐RQ3	
Exploratory factor analysis identified the most effective contributors to architectural eco design 
practice as Resource efficiency and Spatial efficiency principles (design principles), Conceptual 
and Design development stage (design stages), and showed that the ‘scale’ ― ‘Design software’ 
was a mono-dimensional component. In relation to application or outcome, the main 
contributors were ‘components’― Spatial integration and Space utilisation (scale-design 
propositions) and Primary and Secondary constraints (scale-design constraints). ‘Physical 
attributes’ was also shown to be a mono-dimensional component of an overall Biomimicry 
Approach (Chapter 5). However, qualitative content analysis (Matrix coding) in chapter 6 
revealed that architects commented more on the use of ‘design attributes’, ‘design software’, 
‘design constraints’, ‘physical attributes’ and ‘design disciplines’, while non-architects 
commented more on ‘design propositions’, ‘guiding tools’ and ‘biomimicry principles’ (Figure 
6.32). However both groups commented on the importance of ‘design propositions’ and the 
familiarity and relationship of similar disciplines of biomimicry. 
         
Predictors	of	a	Biomimicry	Approach	in	Enhancing	
Ecological	Sustainability	in	Architecture‐Q4	
Standard multiple regression showed that the most effective ‘predictors’ of an architectural 
Biomimicry Approach in eco design practice were the ‘components’― Spatial integration and 
Organism based disciplines among non-architects, and Resource efficiency, Spatial efficiency, 
Space utilisation and Physical attributes among architects. The disciplines of biomimicry and 
biophilia were closely related to eco design and nanotechnology among non-architects. In 
relation to the ‘scales’ of a Biomimicry Approach in architectural eco design practice, the 
responses of both groups mostly related to ‘design propositions’ and architects mainly to 
‘biomimicry principles’. Although most variables could be located under these categories, there 
were also several emergent propositions. In particular, text search and matrix coding analysis 
identified that the use of these ‘design propositions’ and ‘principles’ being project-specific 
especially to architectural eco design practice. This suggests that the combination of 
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‘constituents’ and ‘scales’ depends on the type of building, client, functions and context, and 
represents overall a more of a systematic, performance-driven approach. Despite this, a 
Biomimicry Approach was most commonly seen as a holistic, integrated design approach that 
was well suited to architectural eco design practice. This is evident from the following 
comments. (interviewee LC) 
– It is I think I remember how it started as well because they really wanted to get this seamless 
connection from planning to architecture and landscape and you know until it finishes so 
they were at the beginning they were trying to do this project and also they had a very strict 
timeline to finish I suppose …Lavasa is I think one of the best visual and then in the 
planning level…..(Interviewee LC) 
Emerging	Themes	
Some non-architects reported using systems theory to create new phenomena by integrating 
different natural mechanisms and applying systems theory to system design to integrate 
different biospheres. Other non-architects saw systems engineering as a key ‘design discipline’. 
Chaos theory was used to derive forms of architecture that respond to change in environmental 
conditions and minimise damaging effects. One architect suggested the use of catastrophe 
theory and Hjelmslevian and Greimasian semiotics to mimic a geometric model that is inspired 
by the basic ingredients of life, such as energy and information being beneficial to understand 
the connections of a Biomimicry approach to eco design practice. 
Some non-architects recommended using the Fibonacci proportioning system to mimic the 
beauty of natural organisms, especially flowers to integrate beauty into architectural eco design 
practice. For example: “simplicity obtained by complex natural systems”, “design patterns” and 
“biophilic beauty attraction” which emphasised aesthetics. However, the contribution of a 
Biomimicry Approach to appreciate design aesthetics was emphasised more by non-architects, 
who see aesthetics as a separate component. The fact that architects did not mention it at all 
suggests they see it as being integrated with other constructs. 
The specific size and type of project were identified as important factors by both groups (i.e. a 
project-specific approach). This is evident from the following comments (interviewee LC) 
about how the size (scale) and type of project are a deciding factor in using a Biomimicry 
Approach in architectural eco design practice: 
– Big enough and significant projects I think that they could get the biomimicry team 
efficiently involved.  They were involved in other small projects run but US offices which 
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I’m unaware of but… These three projects [Lavasa, Brunei &KAUST] which are big and so 
it became like big marketing for both HOK and biomimicry [team], but there are projects 
when HOK get the projects if it is big enough and they find that it has significant 
environment value that sometimes within the capacities of HOK cannot really handle as 
well and also they think that you know it needs to be gone through some specialized team so 
then they get biomimicry team… …..(Interviewee LC) 
 
Most of the additional comments and suggestions were made by non-architects, which suggest 
that they are more familiar with, and knowledgeable about, biomimicry than architects. 
According to the ‘socio demographics’ of the eco practitioners mostly non-architects in this 
sample came from diverse professional backgrounds. Several engineers, for example, were 
multi-tasking professionals―design educators, environmental consultants, biomimicry 
researchers or scientists (Appendix E5). While many of the responses fit within the a priori 
‘constituents’ and ‘scales’ of a Biomimicry Approach to architectural eco design practice, there 
was also a number of emergent constructs including aesthetics, scale(size), type, astrological 
concerns, design theories, nature based propositioning systems and use of cultural/traditional 
techniques.  
Interpretation	of	Quantitative	and	
Qualitative	Data	
It’s proven to be a tricky concept/method to convert from 
theoretical to practical, so the Lavasa Hill City is a vital case 
study for so many designers unsure about how to successfully 
introduce Biomimicry into a project. The sharing of this 
knowledge is something that would surely progress the entire 
field of sustainable architectural biomimicry. (littlegreenseed 
2012) 
Eco practitioners mainly use biomimicry mostly as a conceptual approach, followed by 
‘application’ and then ‘procedure’. This was confirmed by checking the reliability of these three 
‘constituents’. ‘Procedure’ had the lowest mean, highest SD and lowest Cronbach’s alpha, 
which indicated a need for further clarification. This finding was supported by analysis of the 
qualitative data. In relation to the inter-item correlations of the 8 independent ‘constituents’ of a 
Biomimicry Approach, model correlated highly with the ‘constituents’ process, measure, 
ecosystem, directly mimicking and form, moderately with mentor and least with indirectly 
mimicking (below .3). In general, the ‘constituents’ directly and indirectly mimicking correlated 
least with the other ‘constituents’, although they correlated highly with each other (Figure 7.19). 
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The qualitative data analysis suggested 17 combinations and provided deeper insight into how 
these ‘constituents’ can be used differently depending on context and function of the design 
project. There were 2 important emergent patterns of relationships between ‘constituents’: one 
between indirectly mimicking approach, mentor, ecosystem and process and another between 
directly mimicking approach, measure, form, model and process. Process appeared to link these 
two clusters (Chapter 6). This finding reconfirms with the Biomimicry theoretical model 
(Chapter 3). Most comments recommended the simultaneous use of directly and indirectly 
mimicking approaches as most appropriate for eco design practice in architecture, while 
reconfirming it indicating a high inter-item correlation between these two ‘constituents’. In 
relation to the overall efficacy of a Biomimicry Approach in architectural eco design practice, 
non-architects claimed a higher level of effectiveness of the 8 ‘constituents’ than architects, 
except in the ‘constituent’ use of nature as a mentor. Analysis of the qualitative data showed 
that non-architects provided more ideas about all ‘constituents’ compared, except the ecosystem 
level to architects. Analysis of both datasets (quantitative and qualitative) identified use of 
nature as a mentor being the most effective ‘constituent’ in ‘concept’, and ecosystem level in 
‘application’. 
The weight of each variable associated with the item components of that particular ‘scale’ was 
calculated and compared between architects and non-architects (Figure 7.21) Biomimicry 
(‘scale’― ‘design disciplines’) had the highest level of familiarity (86%; M=6.2 and a SD=1.2). 
Biomimicry correlated highly with biophilia (.479) and nanotechnology (.390) and moderately 
with ecomimicry (.288). Ecomimicry correlated extremely well with construction ecology, 
industrial ecology, urban ecology and regenerative design (all above.4). In the design 
disciplines scale, the ‘components’ Organism based and Ecological based disciplines were 
more familiar to architects (59%) than non-architects (53%). In terms of overall familiarity, the 
component Organism based disciplines (60%) was much more familiar than Ecological based 
disciplines (53%) among both groups. Some of these findings were supported by the findings of 
qualitative data. 
In relation to ‘guiding tools’― design spiral correlated extremely well (all above .46) with the 
variables biomimicry principles, Hannover principles, C2C, and LBC and moderately (above.3) 
with eco design, Olgyay’s model and green rating. The variables in the ‘component’ 
Behavioural guiding tools correlated best with each other. To all components (Behavioural, 
Environmental guiding tools and Green benchmarks), architects assigned a higher level of 
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importance (57.5%) than non-architects (50.5%). Overall, although green bench marks (57.5%) 
were considered more important than Behavioural guiding tools (55.8%), both groups assigned 
equal importance to Environmental guiding tools (49%). 
In the ‘component’― spatial efficiency, the variable use materials and energy sparingly was 
rated as highly important by most participants, yet it had a low inter-item correlation with most 
other variables. A form fits with function and optimises the system rather than its components 
correlated well with the other variables. In the design principles scale, both architects (66%) and 
non-architects (67%) assigned almost equal importance to the component― Spatial efficiency 
principles. Non-architects gave a higher rating to the component Resource efficiency principles. 
Overall, both groups considered Spatial efficiency more relevant to architectural eco design 
practice than Resource efficiency principles. 
In the ‘scale’―‘design propositions’, both components were rated highly important by both 
groups, but more so by architects (Spatial integration 66% and Space utilisation 61%). 
Architects gave higher ratings than non-architects to the ‘scales’― ‘physical attributes’ and 
‘design software’. All of the variables in all three scales (‘design proposition’, ‘physical 
attributes’ and ‘design software’) correlated extremely well with each other. 
In relation to ‘design attributes’, all variable items except green aesthetics and orientation 
correlated highly with each other. In the scale― design constraints’, all items correlated well 
with cultural and project coordination. Although the ‘component’― Primary constraints had a 
higher average mean score than the ‘component’―Secondary constraints, its overall 
effectiveness was rated lower. Non-architects rated design constraints higher than architects in 
relation to architectural eco design practice. 
In relation to the ‘scale’― ‘design stages’, non-architects considered the Conceptual design 
stage more important than architects did. Overall, both groups considered use of biomimicry at 
a conceptual design stage more relevant to than the Design development stage in architectural 
eco design practice.  
All ‘scales’ and ‘components’ showed a satisfactory mean inter-item correlation (above .3), 
which implies that the continuous variables have an increased level of reliability within the 
‘components’ of the ‘scales’. Exploratory factor analysis identified the ‘components’ in which 
the items positively correlated well with each other. Overall, the ‘components’ of a Biomimicry 
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Approach that correlated best with effectiveness in architectural eco design practice were those 
in the ‘scales’― ‘design propositions’, ‘design principles’, ‘design constraints’, ‘design stages’, 
‘design software’, and ‘physical attributes’ (in that order). 
In terms of the overall effectiveness of a Biomimicry Approach in architectural eco design 
practice, the most significant finding from standard multiple regression analysis was that the 
scale―‘design propositions’ had the strongest positive relationship (r =.595) among its 
components. Further, non-architects identified Spatial integration as the most effective 
‘predictor’ for a Biomimicry Approach, while architects nominated Space utilisation (3rd 
unique statistical contributor). Since there is a strong positive correlation between these two 
variables (as revealed by exploratory factor analysis), it can be concluded that the variable items 
in both ‘components’ (Spatial integration and Space utilisation) of the scale― ‘design 
propositions’ are resilient contributors to a Biomimicry Approach in the opinion of both 
architects and non-architects in architectural eco design practice. 
A	Biomimicry	Approach	to	Enhance	Ecological	
Sustainability	in	Architecture	
Both theoretical and empirical findings of this study have clarified what constitutes a 
Biomimicry Approach within the context of architectural design for eco design practice. This 
study identifies a Biomimicry Approach as a way to connect these different fields through a 
creative, analytical and holistic process .This approach helped understand the connections and 
differences with other nature related design disciplines and theories and also how they can 
integrate to this process of thinking. During the site analysis phase ‘design disciplines’ such as 
biophilia (Benyus, 2008; Wilson, 2008), ecomimicry (Marshall, 2007; Yeang, 2006) and 
regenerative design (Cole 2012; Pedersen Zari, 2012) can also assist, since they are more 
inclined towards understanding the characteristics of the environment. Biomimicry as a design 
approach tends equally to comprehend both environmental (site) as well as functional (user) 
characteristics. According to the findings of both theoretical and empirical research, a 
Biomimicry Approach for architectural eco design practice can be hence described as taking 
creative inspiration of a natural aspect such as an organism, behaviour or system to mimic both 
directly and indirectly initially as a model, then as a mentor and as a measure (Figure 7.26).  
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Figure 7.26: Proposed Biomimicry Approach for architectural eco design practice 
The next step is to understand how it fits into the ecosystem as a whole and, the process; how it 
works or performs, hence, evolves its form. For example the study of animal and plant 
morphology shows that the internal and external forces of nature have a direct effect on the form 
taken by objects to survive within an ecosystem. It further reconfirms with Olgyay (1963, p. 84) 
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“[t]he concept of form is ultimately the understanding of the forces that give rise to it, as a form 
is a diagram of forces in equilibrium”. In this study, these understandings of natural processes 
were further elucidated as functional integrations and environmental adaptations in the 
Biomimicry Theoretical Model and its Framework (Gamage & Hyde, 2012) to synthesis its 
shape or appearance of form and then to understand its survival patterns within its ecosystem. 
This study recommends a Biomimicry Approach (figure 7.19) for architectural eco design 
practice which combines both directly and indirectly mimicking nature, in taking nature as a 
model to select a natural aspect to consider its lessons (nature as a Mentor) and as a gauge for 
ecological standards (nature as a Measure). By understanding how it fits into the whole 
ecosystem and how it is applied at a process level sees how it is being operated. This involves 
understanding the innovative strategies of environmental adaptations (site) and functional 
integrations (user) within that particular ecosystem holistically, to comprehend how nature 
results in shaping the form of an organism, behavioural pattern or a system (Figure 7.19). 
According to Olgyay (1963, p. 11), “[a]rchitectural expression must be proceeded by study of 
the variables in climate, biology and technology”. In natural systems, a form evolves to fulfil the 
biological needs of a species, mediate its environmental impact and adapt to climatic constraints 
in physiological terms. The Biomimicry Approach for architectural eco design practice takes 
these understandings of the environment and its adaptations to climate (temperature, wind, 
relative humidity, radiation, rainfall) and the biological needs of organisms, behaviour or system 
(functions) to inform the development of an optimal architectural expression for built form. 
The empirical findings further reconfirmed and extended the ‘biomimicry thinking’ that had 
been established from the theoretical findings (Chapter 3), but in addition identified the 
hierarchy, correlations, best combinations and the effectiveness of the ‘constituents’ and showed 
the connection between the 4 ‘scales’ ( independent constructs)  identified as the most effective 
‘predictors’: Organism based disciplines, biomimicry ‘design principles’, ‘design propositions’ 
and the ‘physical attributes’ within this approach. Biomimicry ‘design principles’ can be used to 
indirectly mimic nature and identify measures, while Biomimicry ‘design propositions’ can be 
used to understand the identified innovative strategies of functional integration and 
environmental adaptations of nature being applied at a process level. 
The high correlation between disciplines biomimicry and biophilia, in Organism based 
disciplines suggest best to be used together in architectural eco design practice. These findings 
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provide a basis for systematically organising information in the conceptual phase of the 
architectural design process for ecologically sustainable design. The overall research findings 
assisted to identify the appropriate sequence of use of ‘constituents’ (dependent constructs) of a 
Biomimicry Approach, as well as showing how the most effective ‘predictors’ (independent 
constructs) assist in developing an effective architectural expression for built form. As for the 
‘socio demographics’ (moderate constructs), both architects and non-architects finding were 
considered giving equal importance, although this study recommends a Biomimicry Approach 
to eco design practice in architecture. 
Summary	
A key identification from these analyses was that, while most of the quantitative data were 
supported by the qualitative data (open-ended responses in the practice survey), some results 
were contradictory. The qualitative data analysis identified additional constructs relevant to a 
Biomimicry Approach for architectural eco design practice, which had not been included in the 
practice survey, namely, scale (size), type and aesthetics. Many participants referred to the close 
relationship between some of the nature-related theories, in particular systems theory and chaos 
theory to biomimicry, while some gave adverse comments about using the words: ‘emulating’, 
‘copying’, ‘imitation’ of natural aspects or systems when defining biomimicry. 
Although it would have been interesting to explore the design approach of the eco practitioners 
in more depth―for instance, by examining the mechanisms involved in the development of the 
process―this was outside the scope of the present inquiry. The interview and documentary data 
were only used here to validate the practice survey results. They yielded understanding of eco 
practitioners’ constructions of their work, experiences, values and influences in a social context. 
Their comments contributed to a deeper understanding of the applicability of the constructs 
(‘constituents’ and ‘scales’) of a Biomimicry Approach in architectural eco design practice, 
identified from the literature review. 
The theoretical enhancement (Chapter 3); ‘biomimicry thinking’―Biomimicry Theoretical 
Model and Framework, developed by was further extended by taking the most effective 
constructs and predators into consideration to advance a Biomimicry Approach for architectural 
eco design practice. The difference in this approach to other already established ‘biomimicry 
thinking’ or approaches is the fact that this approach recognises a sequential thinking process 
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similar to conventional architectural design thinking, but within an ecological framework, which 
user behaviour patterns and environmental factors are thought simultaneously to generate form. 
This Biomimicry Approach was considered the key empirical enhancement of the overall 
findings in this study. 
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	Synopsis	and	Conclusion	
The study set out to explore the use of a Biomimicry Approach to architectural design by 
examining how eco practitioners use and perceive its effectiveness in eco design practice for 
enhancing ecological sustainability in architecture. The theoretical contribution involved the 
development of a ‘biomimicry thinking’ model appropriate for eco design practitioners, while 
the empirical contribution was a recommendation of a Biomimicry Approach that proposed a 
simultaneous use of directly mimicking and indirectly mimicking approach to architectural eco 
design projects. This approach can initiate eco design strategies by understanding user needs 
(behavioural patterns) and environmental constraints (climate) for effective space optimisation. 
‘Biomimicry thinking’, a theoretical model and framework (Gamage & Hyde, 2012), identified 
key concepts and definitions of a Biomimicry Approach based on a comprehensive review of 
relevant ecological models. The empirical contribution comprises new data from a practice 
survey which documented the experiences and views of 102 eco practitioners―59 architects 
and 43 non-architects. The respondents were a stratified random sample of eco practitioners 
associated with the building design and construction industry. The findings were validated by 
analysis of interviews with 10 eco practitioners and documentary evidence of their building 
projects. These qualitative data also provided additional insight and in-depth understanding.  
The study sought to delineate both objective and subjective dimensions of a Biomimicry 
Approach through careful identification of its constructs (Chapter 4) in relation to 
environmental, physical and social characteristics of eco-design practice. These include 
understanding: the relevance of and associations between the constituents of a Biomimicry 
Approach (identified from literature); its relationship to similar nature-related disciplines; the 
importance of using nature-related design guiding tools; principles, propositions and design 
attributes; the most appropriate physical attributes; preferred design stages and design software; 
and the constraints involved in eco design practice. 
The empirical contribution (Biomimicry Approach) analysed correlations between the 
constituents, and identified ‘design propositions’ and ‘biomimicry principles’ as the most 
significant scales (or independent constructs) for architectural eco design practice. This chapter 
briefly interprets the study’s findings, its theoretical and practical contributions and limitations, 
and the proposed Biomimicry Approach to Architectural eco design practice (Ecologically 
sustainable design and biomimicry design context). The chapter concludes with 
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recommendations of biomimicry design indicators, biomimicry design matrix and possibilities 
for the use of vernacular architectural strategies for the development of future eco design 
practice.  
Study	Overview	
A mixed methods (quantitative and qualitative) design was used to capture the views of eco 
practitioners. The findings were analysed and interpreted to generate innovative theoretical and 
empirical information that can be used to design eco buildings more effectively. The 
methodology was informed by a critical review of literature on ecologically sustainable design 
(Chapter 1) and biomimicry (Chapter 2) as well as by the theoretical enhancement of 
‘biomimicry thinking’ (Chapter 3). The constructs (‘scales’ and ‘constituents’) of a Biomimicry 
Approach to architectural design used in the questionnaire and semi-structured interviews were 
identified through this process of systematic analysis of the literature on research methods 
(Chapter 4). The main constructs identified were categorised as dependent constructs 
(‘constituents’), independent constructs (‘scales’) and moderator constructs (‘socio-
demographics’) of a Biomimicry Approach to architectural design.  
A keyword search provided a general idea of the range of existing eco projects and eco 
practitioners, thus identifying the nature of the study population. Correlational analysis 
identified the relationships between the dependent, independent and moderator constructs and 
their relevance to architectural eco design practice. The literature review described relevant 
research and revealed knowledge gaps in both fields (ecologically sustainable design and 
biomimicry) and contributed to the development of the research plan. Although, five barriers 
(Chapter 1) were identified in relation to ecologically sustainable design practice, lack of clear 
conceptualisation of design process and lack of understanding ecological integration strategies 
to practice architectural eco design were largely identified and discussed by this study.  
Data were collected in a sequential manner, with due consideration to the importance of using 
appropriate validation techniques to enhance the overall trustworthiness of the findings. A 
mixed methods research design was used because the limitations in one approach can be offset 
by the strengths of another. Although these approaches derive from different ontological and 
epistemological perspectives, their combination in a single study is considered appropriate for 
an exploratory investigation (Slevitch, 2011). The findings from a comprehensive review of 
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literature and a series of theoretical enhancements directed the development of the research 
questions and research inquiry model (Chapter 4, Table 4.4), including the selection of 
appropriate methods of data collection, analysis and interpretation. The primary (quantitative) 
data from the practice survey were analysed using descriptive and multivariate statistical 
techniques (exploratory factor analysis and standard multiple regression of interval 
measurements) (Chapter 5). These findings were supplemented by analysis of qualitative data 
using word frequency, text search and matrix coding of open-ended items in the questionnaire 
(Chapter 6). The main findings were further validated by analysis of qualitative data from 
project-based interviews and documentary evidence (Chapter 7), which also added more 
meaning to the original findings as well as ideas for future research. 
Key	Findings	
Correlational analysis identified the ‘scales’― ‘biomimicry principles’, ‘design propositions’ 
and ‘physical attributes’ as the most effective ‘predictors’ of a Biomimicry Approach to eco 
design practice in architecture. These findings initiated a Biomimicry Approach to architectural 
design that helps to reduce waste through efficient use of space. This approach encourages a 
design process that significantly reduces in overall waste of energy and materials, thus further 
enhancing ecological sustainability in architecture. 
The study presented in this thesis is a research inquiry into the applicability of a theoretically 
informed Biomimicry Approach to eco design practice in architecture. It has made an original 
theoretical (Chapter 3) and empirical (Chapters 5, 6 and 7) contribution to the development of 
architectural eco design practice. The study extends these understandings through an in-depth 
exploration of a Biomimicry Approach that is specifically applicable to architectural eco design 
practice. The results of the empirical enhancement provided new insight into eco practitioners’ 
understandings of biomimicry as an approach to architectural eco design and the relationship 
between their socio-demographic characteristics and the architectural qualities associated with 
ecological sustainability. This was achieved by documenting: how the constructs – 
(‘constituents’ and ‘scales’) of a Biomimicry Approach are perceived by eco practitioners and 
the correlations between the variables. The ‘scales’ of a Biomimicry approach perceived and 
correlated with each other involves: how biomimicry is perceived in relation to other similar 
nature based design disciplines; the importance of nature-related guiding tools; relevance of 
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biomimicry principles; relevance of design propositions; design attributes; physical attributes; 
design software; design stages; and design constraints in architectural eco design practice.  
The literature review identified a set of constructs of a Biomimicry Approach to architectural 
eco design practice comprising 8 constituents (dependent constructs), 9 scales (independent 
constructs), and a total of 96 variables. Exploratory factor analysis identified the most 
effectively correlated components of the scales of a Biomimicry Approach for architectural 
design as follows: resource efficiency and spatial efficiency principles in the scale―‘design 
principles’, and space utilisation and spatial integration in the ‘scale’―‘design proportions’. A 
set of relevant internal components was also identified. Standard multiple regression showed 
that space utilisation, spatial efficiency principles and resource efficiency principles were the 
most effective ‘predictors’ of a Biomimicry Approach in architectural eco design practice 
among architects, and spatial integration was the most effective among non-architects. Since 
exploratory factor analysis showed a high correlation between the two ‘components’ of the 
scale―‘design propositions’, spatial integration can also be considered as an effective 
‘component’. It is recommended that the variables of the most effective components of a 
Biomimicry Approach be included in future rating systems as indicators that seek to measure 
ecological sustainability in order to reduce waste through effective space design. This study 
proposed a theoretical and an empirical enhancement to the practice of architectural eco design.  
Theoretical	Enhancement	
As noted in the literature review, although biomimicry is seen as having potential to enhance 
ecological sustainability in architecture, there has been limited research on its application in 
practice. The theoretical enhancement included identifying a set of barriers to ecologically 
sustainable design and examining how a Biomimicry Approach might address some of them. In 
Chapter 1, lack of clear conceptualisation of a design process and lack of understanding 
ecological integration were identified as some of the barriers to ecologically sustainable design 
that have the potential to be addressed by a suitable Biomimicry Approach. The role of 
biomimicry as a design thinking approach for addressing these barriers was discussed in 
Chapters 3), where the 8 constituents of a Biomimicry Approach were identified. These chapters 
(Chapters 1, 2 &3) represent a progressive theoretical enhancement of a Biomimicry Approach. 
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Biomimicry	Thinking	for	Eco	Design	Practice	in	
Architecture	
This study confirmed that ‘biomimicry thinking’ integrates with design thinking, systems 
thinking, and engineering and architectural paradigms but has a deeper relationship with 
ecology. Chapter 3 extended this theoretical enhancement by identifying a specific form of 
‘biomimicry thinking’ for a Biomimicry Approach to eco design practice in architecture. This 
involved a comparative analysis of some of the most appropriate biomimetic analogical 
translations for architecture, such as Design Spiral (Baumeister , Tocke , Dwyer , Ritter  & 
Benyus 2013; Goss, 2009), Bio TRIZ (Vincent, Bogatyrev, Pahl, Bogatyrev & Brwyer, 2005), 
Typological analysis (Pedersen Zari, 2007) and Nature studies analysis (Gamage & Dayaratne, 
2012), for the development of a Biomimicry Theoretical Model and Biomimicry Theoretical 
Framework (Gamage & Hyde, 2012). This ‘biomimicry thinking’ can lead to ecological design 
thinking for eco practitioners. This form of ‘biomimicry thinking’ was tested in the design of the 
experimental Eco house (Razak, 2012), which helped to identify and develop one of the main 
independent constructs― ‘design propositions’(Chapter 3). 
Biomimicry	theoretical	model	and	framework	to	conceptualise	
design	
The Biomimicry Theoretical Model showed how the function of a natural aspect such as an 
organism or system shapes its form in adaptation to the environment. This led to a series of 
sequential systematic occurrences that initiated the Biomimicry Theoretical Framework 
(Chapter 3). This provided a form of ‘biomimicry thinking’ that draws on systems thinking 
(Orr, 2014), using deep understanding of ecology (Orr, 2003; Orr, Sven Erik & Brian, 2008) as 
an analogical model while accommodating the conventional design process in architecture. It 
facilitates identification of the connections between built systems and the ecosystem. The 
Biomimicry Theoretical Framework proposes two ways of emulating nature―the directly 
mimicking approach, which involves mimicking organisms and natural systems, and the indirect 
mimicking approach, which abstracts ‘design principles’ from nature and identifies the phases of 
naturally occurring adaptation and integration strategies as design processes. The Biomimicry 
Theoretical Framework (Gamage & Hyde, 2012) categorises natural systems to facilitate 
understanding of ecosystem processes and adopts scientific reasoning to identify the physical 
characteristics of form. The assumption of this framework is that it is possible to identify 
strategies of functional integration and environmental adaptation in a natural system that can be 
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applied to the design of innovative forms in built systems that are well suited to their context. 
Biological knowledge and analogous thinking were used to advance several ‘design 
propositions’ appropriate to a Biomimicry Approach in eco design practice. 
Biomimicry	design	propositions	for	efficient	use	of	space	
‘Design propositions’ are theoretical understandings that inform practice. A set of 14 variables 
relevant to the theoretical understanding of biomimicry as a design approach to eco design 
practice in architecture was identified from the literature review, and these were verified and 
validated empirically (Mc Kenney & Reeves, 2012). The majority of the variables for this 
construct were identified by analysing principles of ecologically sustainable design and 
biomimicry (Tables 1.1 and 2.1). The initial examination of the Biomimicry Theoretical Model, 
which led to a Biomimicry Theoretical Framework, was conducted in the course of the author to 
designing an actual project, the Eco house. This resulted in the identification of some of the 
most significant variables for the independent construct― ‘design propositions’ for a 
Biomimicry Approach for architectural eco design practice. These new variables included 
reduce overdesign and every space need not be designed but can naturally emerge in the design 
process. The design of the Eco house also assisted in proposing a set of theoretically informed 
biomimicry design indicators appropriate for architecture eco design practice (Appendix F3). 
Empirical	Enhancement	
This section summarises the key findings in relation to the research questions, the purpose of 
which was to develop an overall understanding of what constitutes a Biomimicry Approach in 
current architectural eco design practice. The questions it addressed were, first, what are it’s 
‘constituents’ (dependent constructs) and their correlation? Secondly, what are the theoretical 
underpinnings of its potential ‘scales’ (independent constructs), as identified from the literature 
review, within the context of ecologically sustainable design? The investigation also explored 
how the set of ‘components’ of a Biomimicry Approach (identified using exploratory factor 
analysis) that best correlates within the ‘scales’ identified in the literature review. Standard 
multiple regression analysis was used to identify the most effective overall predictors of a 
Biomimicry Approach appropriate to architectural eco design practice.  
The findings showed how eco practitioners perceive the overall efficacy of a Biomimicry 
Approach to enhance ecological sustainability in architecture. One of the most significant 
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findings was that the theoretical enhancement consistently supporting the empirical findings. A 
sequential process was adopted to achieve the research outcome―an account of the efficacy of 
a Biomimicry Approach as used and perceived by eco practitioners (architects and non-
architects). The findings represent an attempt to theorise an understanding that will aid the 
generation of knowledge in design theory and practice repetitive in the larger architectural 
ecologically sustainable design and biomimicry design context, and are intended to encourage a 
greater use of eco design practice in architecture.  
The findings in relation to each of the four main research questions are outlined below.  
Effective	Constituents	of	a	Biomimicry	Approach		
A review of literature on biomimicry (Chapter 2) helped to identify the ‘constituents’ of a 
Biomimicry Approach (dependent constructs) as ‘concept’ (nature as a model, measure, or a 
mentor), ‘procedure’ (directly or indirectly mimicking nature) and ‘application’ (nature applied 
at the level of form, process or ecosystem). It highlighted the need for further empirical research 
to identify the most effective combinations for eco design practice in architecture. The 
importance of and connections between these ‘constituents’ were only vaguely described in the 
literature. This was particularly apparent in the architectural literature, although Pedersen Zari 
(2007) had attempted to re-establish nature being applied at a form, process and ecosystem to 
different levels such as organism, behavioural and ecosystem and to identify practice 
applications of biomimicry.  
The key findings of the ‘constituents’ (dependent constructs) were as follows:  
 ‘Concept’ was seen as the most effective constituent of a Biomimicry Approach  
The survey results showed that most eco practitioners prefer to use biomimicry as a 
‘concept’, followed by ‘application’ and then by ‘procedure’. There was an apparent gap 
between using nature as a ‘concept’ and its ‘application’ in eco design practice. The most 
relevant constituents were nature applied at an ecosystem level, nature as a mentor (source 
of ideas for creativity) and nature as a process (taking natural processes as guides to 
performance). Among the 8 constituents of a Biomimicry Approach, eco practitioners were 
most familiar with applications of nature at an ecosystem level (which suggests that most 
prefer to use the ecosystem as an inspiration to understand holistic connections); nature 
applied to process; taking natural processes as an inspiration to understand performance and 
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form; taking natural form as an inspiration for shaping building appearance. These results 
confirm the hierarchy of application of a Biomimicry Approach for architectural eco design 
practice as suggested by the Biomimicry Theoretical Model and Framework (Gamage & 
Hyde, 2012).  
 Most eco practitioners have used indirectly mimicking approach rather than directly 
mimicking approach in architectural eco design practice 
Indirectly mimicking (M=5.43) reported a higher mean to directly mimicking (M=4.29) by 
both architects and non- architects. This suggests lack of knowledge among eco 
practitioners to comprehend the complexities of ecology in terms of understanding how 
natural systems function, and how to apply them by directly mimicking to architectural 
practice. 
 Process and model were highly correlated among most constituents of a Biomimicry 
Approach  
This was confirmed by checking the reliability of these three main constituents. ‘Procedure’ 
had the lowest mean, highest SD and lowest Cronbach’s alpha. This finding was supported 
by analysis of the qualitative data.  In relation to the inter-item correlations of the 8 
independent constituents of a Biomimicry Approach, consulting nature as a model 
correlated highly with the constituents process, measure, ecosystem, directly mimicking and 
form, moderately with mentor and least with indirectly mimicking (below .3). The mean 
inter-item correlation of the constituents of a Biomimicry Approach showed that applying 
nature at a process level correlated most strongly with ecosystem level, nature used as a 
model, mentor and measure (above .4).  
 Indirectly mimicking approach correlated highly with directly mimicking approach 
In general, the constituents directly mimicking (design strategies derived from an organism 
or natural system) and indirectly mimicking (taking design inspiration by abstracting 
principles from nature) correlated highly with each other although they correlated least with 
the other ‘constituents’. Most comments recommended the simultaneous use of directly and 
indirectly mimicking approaches as most appropriate for eco design practice in architecture. 
 Non-architects perceived higher level effectiveness of a Biomimicry Approach rather than 
architects in architectural eco design practice 
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Both architects and non-architects perceived the ‘constituents’ nature applied as process and 
at ecosystem level and consulting nature as mentor and measure as having a high level of 
efficacy (above 75%). Biomimicry as a design approach was perceived to be more effective 
by non-architects (58%) than by architects (49%).This perhaps highlights the importance of 
integrating both groups of eco practitioners into a design team. 
 Use of the constituents may vary mostly according to its function and context of the project 
The qualitative findings added more insight to the quantitative findings; perceptions of the 
most effective way to use these ‘constituents’ in architectural eco design practice varied 
according to type, scale, client, functions and context of the building ―that is, their use is 
project-specific. This finding was supported by evidence from the interviews and project 
documentation (Chapter 7). In practice, biomimicry ‘constituents’ may be modified in type 
and/or weighting according to the nature of the project and its context. 
 Process level links the two main emergent combinations of the ‘constituents’ of a 
Biomimicry Approach 
Two important patterns of relationships between ‘constituents’ emerged from the qualitative 
data: one between indirectly mimicking, mentor, ecosystem and process and another 
between directly mimicking, measure, form, model and process. Nature applied at a process 
level appeared to link these two clusters.  
In relation to the overall efficacy of a Biomimicry Approach to architectural eco design practice, 
non-architects claimed a higher level of effectiveness than architects, except in the ‘constituent’ 
consulting nature as a mentor. Analysis of the qualitative data showed that non-architects 
provided more ideas about all ‘constituents’, except the at ecosystem level. Analysis of both 
datasets (quantitative and qualitative) identified mentor as the most effective ‘constituent’ under 
‘concept’, ecosystem level in ‘application’ and indirectly mimicking in ‘procedure’.  Overall 
process was identified as the best correlating ‘constituent’ of all 8. Although the major primary 
quantitative findings were supported by qualitative analysis, some were not. However, 17 
combinations of these ‘constituents’ were also identified and provided deeper insight into how 
these ‘constituents’ can be used differently depending on context and function. At the same 
time, the qualitative data provided more detailed understanding of how the ‘constituents’ of a 
Biomimicry Approach have been used as a ‘concept’, ‘procedure’ and ‘application’.  
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Effective	Scales	of	a	Biomimicry	Approach	
The variables and ‘components’ of a Biomimicry Approach most relevant to architectural eco 
design practice were evaluated by identifying the number of respondents rating above the mean 
value, indicating a mean score in each scale. This facilitated comparison of the internal items in 
each scale in relation to familiarity, effectiveness or relevance, ‘component’ and variable, both 
with each other and between the two groups (architects and non-architects). The level of 
importance or applicability assigned to these areas reflected the current status of a Biomimicry 
Approach in eco design practice. These variables within the ‘scales’ of a Biomimicry Approach 
were identified as independent constructs from the literature review. The variables that were 
extracted by principal component analysis (exploratory factor analysis) were identified as 
‘components’ of a Biomimicry Approach within a ‘scale’. 
The key findings of the ‘scales’ (independent constructs) were as follows: 
 Biomimicry was reported to have the highest familiarity among other nature-related ‘design 
disciplines’ 
In the scale― ‘design disciplines’ biomimicry had the highest level of familiarity (86%; 
M=6.2 and a SD=1.2). Biomimicry correlated highly with biophilia (.479) and 
nanotechnology (.390) and moderately with ecomimicry (.288), but least with regenerative 
design. Ecomimicry correlated extremely well with construction ecology, industrial 
ecology, urban ecology and regenerative design (all above.4). In the scale―‘design 
disciplines’, the ‘components’ organism based and ecology based disciplines were more 
familiar to architects (59%) than non-architects (53%). In terms of overall familiarity, the 
‘component’ organism based disciplines (60%) was much more familiar than ecological 
based disciplines (53%) among both groups. Some of these findings were supported by 
qualitative data. It was confirmed that biomimicry associated well with biophilia and 
nanotechnology, while ecomimicry connected well with urban ecology, industrial ecology, 
construction ecology and regenerative design. However all these disciplines are associated 
with ecosystem based nature-related practice. 
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 Design Spiral were considered more relevant rather than Bio TRIZ in nature-related design 
‘guiding tools’ in architectural eco design practice 
In relation to ‘scale’―’guiding tools’, Design Spiral correlated extremely well (all above 
.46) with the variables biomimicry principles, Hannover principles, C2C, and LBC and 
moderately (above.3) with eco design, Olgyay’s model and green rating. The variables in 
the ‘component’―behavioural guiding tools correlated best with each other. To all 
‘components’ (behavioural, environmental guiding tools and green benchmarks), architects 
assigned a higher level of importance (57.5%) than non-architects (50.5%). Overall, 
although green bench marks (57.5%) were considered more important than behavioural 
guiding tools (55.8%), both groups assigned equal importance to environmental guiding 
tools (49%). Biomimicry principles, bioclimatic principles, C2C and Design Spiral were 
considered more relevant by architects, while sustainable principles, Bio-TRIZ and LBC 
were considered more relevant by non-architects. As ‘biomimicry thinking’ tools, Design 
Spiral was considered more important to eco design practice rather than Bio-TRIZ by both 
groups. 
 Sparingly use of materials and energy and optimise the system rather than its component 
were both considered most relevant in ‘biomimicry principles’ to practice architectural eco 
design 
In the ‘scale’―‘design principles’, under the ‘component’―spatial efficiency, the variable 
use materials and energy sparingly was rated as highly important by most participants, yet 
it had a low inter-item correlation with most other variables except with optimise the system 
rather than its components. The variables form fits with function and optimise the system 
rather than its components correlated well with the other variables. In the scale― ‘design 
principles’, both architects (66%) and non-architects (67%) assigned almost equal 
importance to the ‘component’ ―spatial efficiency principles. Non-architects gave a higher 
rating to the ‘component’―resource efficiency principles. Overall, both groups considered 
spatial efficiency more relevant to eco design practice rather than resource efficiency 
principles. However, both groups indicated the importance of using spatial efficiency 
principles (such as use energy and materials sparingly, optimise the system and form to 
function) to resource efficiency principles. In relation to resource efficiency principles, non-
architects assigned more relevance than architects to curb excess from within; create 
conditions conducive to life, and recycle everything, while architects assigned more 
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relevance to bank on diversity to fill every niche. Most variables indicating a high inter-item 
correlation matrix implies an extremely close association between the variables in 
‘biomimicry principle’. 
 Use of natural ventilation and daylight were considered important ‘design attributes’ to 
architectural eco design practice 
In relation to ‘scale’―‘design attributes’, all variable items except green aesthetics and 
orientation correlated highly with each other. Climatic attributes such as use of natural day 
light, use of natural ventilation, thermal comfort using natural systems and providing 
enjoyable views and vistas (make nature visible) and orientation were considered useful by 
both parties. With the exception of the variables green aesthetics and system integration 
(fabric, structure, services, and materials), all other ‘design attributes’ were considered 
effective to architectural eco design practice by both groups.  
Concept development was considered the most effective ‘design stage’ to use biomimicry in 
architectural eco design practice 
In relation to the ‘scale’―‘design stages’, non-architects considered the conceptual stage 
more important than architects did. Overall, both groups considered using biomimicry as a 
design approach in the conceptual design stage more relevant to eco design practice than 
the design development stage. Architects, however, also saw the schematic development and 
detail design stages as also being applicable to use a Biomimicry Approach in architectural 
eco design practice.  
 Multifunctional materials and technology was considered the most relevant biomimicry 
‘design proposition’ to architectural eco design practice 
In the scale ― ‘design propositions’, both components were rated highly important by both 
groups, but more so by architects (spatial integration 66% and space utilisation 61%). 
Although ‘design propositions’ of biomimicry have mostly been developed by using 
‘biomimicry principles’, architects tend to consider ‘design propositions’ and non-
architects’ ‘biomimicry principles’ more useful to architectural eco design practice. Non-
architects, however, placed less overall importance on variables of ‘design propositions’; 
except for eliminate wasted space and every space component to have multiple functions. 
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 Building materials, elements, form and shape  were both considered important ‘physical 
attributes’ to architectural eco design practice 
In the ‘scale’― ‘physical attributes’, selection of building materials, developing the form 
and shape, and design of building elements were considered important ‘physical attributes’ 
in architectural eco design practice. Overall, architects considered using ‘physical attributes’ 
more relevant than non-architects to eco design practice. 
  Building Information Modelling (BIM) was considered the most relevant ‘design software’ 
for architectural eco design practice 
Considering the ‘scale’―’design software’, Building Information Modelling (BIM) was 
suggested as the most useful software to be used in eco design practice by both groups. 
Revit, Rhinoceros Grasshopper and Vector works were also suggested by many. Architects 
also considered Sketch up and Eco tech as effective software to help integrate physical 
attributes effectively in the design process. Overall, architects were more likely than non-
architects to consider using ‘design software’ in architectural eco design practice. 
 
 Financial unfeasibility and difficulty in educating the client were considered the most 
significant ‘design constraints’ in architectural eco design practice 
In ‘scale’― ‘design constraints’, the most effective variables were identified by both groups 
as, financial considerations, difficulty in educating and convincing the client and difficulty 
in incorporating regulations (in order) to practice architectural eco design. Architects 
considered lack of aesthetic appeal of available eco technologies as the most important 
constraint, rating this considerably higher than non-architects, while non-architects 
emphasised lack of cooperation among the design team (other consultants) followed by 
difficulty in project coordination as important constraints. In the ‘scale’―‘design 
constraints’, all items correlated well with cultural significance and project coordination. 
Although the ‘component’―primary constraints had a higher average mean score than the 
‘component’―secondary constraints, its overall effectiveness was rated lower. Non-
architects rated ‘design constraints’ higher than architects in relation to architectural eco 
design practice. However the number of architects commented on more issues about ‘design 
constraints’ than non-architects. 
 Overall, architects perceived a higher efficacy of ‘scales’ in a Biomimicry Approach than 
non-architects in architectural eco design practice 
Synopsis	and	Conclusion		
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture			 8‐14	
In relation to the overall effectiveness of ‘scales’ (independent constructs) of a Biomimicry 
Approach in architectural eco design practice, both groups of eco practitioners indicated that 
‘design attributes’ had the highest (64%) level of relevance followed by ‘biomimicry 
principles’ (62.5%), ‘physical attributes’ (61%), ‘design constraints’ (60.5%) and ‘design 
software’ (60.5%), respectively. Architects assigned a higher efficacy level than non-
architects to 7 ‘scales’― ‘design attributes’ (73%), ‘physical attributes’ (66%), ‘design 
propositions’ (63.5%), ‘design software’ (63%), ‘design guiding tools’ (57.5%) and ‘design 
disciplines’ (54%). Three scales ‘design stages’, ‘design principles’ and ‘design constraints’ 
were given a higher level of efficacy by non-architects than by architects. 
Effective	Components	of	a	Biomimicry	Approach	to	
Architectural	Eco	Design	Practice	
All ‘scales’ and ‘components’ of a Biomimicry Approach to architectural eco design practice 
showed a satisfactory mean inter-item correlation (above .3), which implies that the continuous 
variables have an increased level of reliability within the ‘components’ of the ‘scales’. 
Exploratory factor analysis identified the ‘components’ in which the items positively correlated 
well with each other. 
 The most distinctive ‘components’ of a Biomimicry Approach identified in the 
exploratory factor analysis and confirmed by reliability test were: spatial integration 
and space utilisation (design propositions scale); resource efficiency principles and 
spatial efficiency principles (design principles scale); primary constraints and 
secondary constraints (design constraints scale); and organism based disciplines and 
ecology based disciplines (disciplines scale).  
 Both ‘physical attributes’ and ‘design software’ were found to be significant mono-
dimensional scales with high reliability. 
  All of the variables in all three ‘scales’ (‘design proposition’, ‘physical attributes’ and 
‘design software’) correlated extremely well with each other.  
Overall, the ‘components’ of a Biomimicry Approach that correlated best with effectiveness in 
architectural eco design practice were those in the ‘scales’― ‘design propositions’, ‘design 
principles’, ‘design constraints’, ‘design stages’, ‘design software’, and ‘physical attributes’ (in 
that order).  
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Effective	Predictors	of	a	Biomimicry	Approach	
perceived	by	architects	and	non‐architects	
The results from standard multiple regression showed that the most important ‘predictors’ of a 
Biomimicry Approach for architectural eco design practice were not the same for architects and 
non-architects. 
 In the ‘scale’― ‘biomimicry principles’, ‘components’―spatial efficiency and resource 
efficiency, respectively, made a statistically unique contribution to the overall 
effectiveness of a Biomimicry Approach in architectural eco design practice. 
Biomimicry principles were highly reliable and highly inter-item correlated. These two 
factors also have a strongly positive inter-component correlation, which indicates that 
increased use of spatial efficiency principle items increases the use of resource 
efficiency principles and vice versa. 
 Among architects, ‘components’―spatial efficiency, resource efficiency, space 
utilisation and physical attributes, respectively, made a highly statistically significant 
contribution as important predictors of a Biomimicry Approach. 
 Standard multiple regression showed that spatial integration made the strongest unique 
statistically significant contribution to overall effectiveness of a Biomimicry Approach 
among non-architects, with organism based disciplines the second strongest contributor.  
 In terms of the overall effectiveness of a Biomimicry Approach, the most significant 
finding from standard multiple regression analysis was that the design propositions 
scale had the strongest positive relationship (r =.595) among its components.  
 Non-architects identified spatial integration as the most effective predictor of a 
Biomimicry Approach, while architects nominated space utilisation (3rd unique 
statistical contributor). 
Since there is a strong positive correlation between these two variables (as revealed by 
exploratory factor analysis), it can be concluded that the variable items in both 
‘components’ (spatial integration and space utilisation) of the ‘scale’―‘design 
propositions’ are resilient contributors to a Biomimicry Approach in architectural eco 
design practice in the opinion of both architects and non-architects in architectural eco 
design practice. 
Synopsis	and	Conclusion		
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture			 8‐16	
A	Biomimicry	Approach	for	Eco	Design	Practice	in	
Architecture		
The findings of this study have simplified, theoretically and empirically, what constitutes a 
Biomimicry Approach within the context of architectural design in eco practice. This approach 
proposed a simultaneous use of directly mimicking and indirectly mimicking to architectural eco 
design projects. Biomimicry Approach uses a natural aspect such as an organism as a model for 
understanding how its processes and synthesis of form contribute to its survival in an 
ecosystem. In the Biomimicry Theoretical Model and Framework, this understanding of natural  
processes was further conceptualised as functional integrations and environmental adaptations 
(Gamage & Hyde, 2012). To a certain extent, this conceptualisation tallies with ‘biomimicry 
thinking’ as established from the theoretical findings. The empirical findings helped to develop 
a Biomimicry Approach which proposed a hierarchical understanding of how the ‘constituents’ 
correlated with each other and how they could be systematically organised in accordance with 
the architectural design process to practise ecologically sustainable design.  
Victor Olgyay developed a systematic bioclimatic approach that can be translated into the 
architectural expression of built form. It assimilates variables from climatology, biology, 
architecture and technology (Figure 8.1). The model uses the plant morphology of various 
climatic regions to generate optimum building forms (Olgyay, 1963, p. 85). 
 
Figure 8.1: Interlocking Fields of climate balance 
(Olgyay, 1963) 
 
 
Figure 8.2: Biomimicry as a connector for 
interlocking fields 
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Architecture Technology 
Biomimicry 
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In contrast, in this study, a Biomimicry Approach to architectural eco design practice is seen as 
a procedure for analysing innovative strategies of environmental adaptations and performance 
of functions within a particular natural system holistically, which could be transformed into built 
systems. This goes beyond the ‘bioclimatic’ or ‘climate responsive design’ approaches to 
encompass synthesis and expression of an innovative built form, which has the ability to 
comprehend the biological needs; behavioural patterns (functions) with the environmental 
constraints specifically climatology to synthesis the shape and appearance of a building. 
Overall, a Biomimicry Approach to architectural eco design practice is seen to conceptualise the 
connection between climatology and biological needs to comprehend technological solutions to 
create an optimum architectural expression (Figure 8.2).  
Contribution	to	the	Field	
The main contribution of this thesis is its addition to knowledge in the fields of biomimicry and 
eco design practice in architecture. The theoretical enhancement comprises a ‘biomimicry 
thinking’ based on the principles of a deep understanding of ecology (Orr, 1992), while a 
Biomimicry Approach for architectural design was developed from the empirical findings and 
these in turn were revalidated by the Biomimicry Theoretical Model and Framework. This 
model attempted to address some of the identified barriers and limitations to the practice of 
ecologically sustainable design. The most important of these were lack of clear 
conceptualisation in design process, and lack of understanding ecological integration. The 
proposed Biomimicry Approach was an attempt to comprehend optimum correlations, 
effectiveness, and predictors which enabled a hierarchical design conceptualising method for 
architectural eco design practice. The overall thesis findings for architectural biomimicry and 
eco design practice are discussed under the following headings. 
Validity	of	theoretical	contribution		
The theoretical contribution reflects the conventional design thinking process that most 
architects adopt, but includes an ecological thinking process (Orr, Sven Erik & Brian, 2008). 
The findings have generated a different interpretation of what constitutes a Biomimicry 
Approach in architectural eco design practice. This was further supported by the development of 
a Biomimicry Theoretical Model. This involved initially responding to the process of a natural 
organism; that is, the functional integration and environmental adaptation strategies used in 
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evolving an innovative form within a particular natural ecosystem. Although many disciplines 
have used natural concepts to design buildings (such as organic architecture), most have 
attempted to directly imitate the form or elements, mostly aesthetically. In this context, the 
empirical contribution also demonstrated that the process level is the key constituent that links 
all the others. This implies understanding environment constraints (environmental adaptations) 
with user behavioural patterns (functional integrations).  
The theoretical enhancement suggested a ‘biomimicry thinking’ which integrates the 
Biomimicry Theoretical Model and Framework and empirical enhancement proposed a further 
addition by linking the ‘constituents’ in order with best ‘predictors’ the ‘design propositions’, 
‘biomimicry principles’, and ‘physical attributes’ making an important contribution to an 
innovative Biomimicry Approach in architectural eco design practice.  
Biomimicry	seen	more	as	a	process‐driven	approach		
The overall findings (quantitative and qualitative analysis) showed that eco practitioners see 
biomimicry as primarily a process-driven approach. For most architects, it was seen as a useful 
performance-driven design approach, while non-architects suggested the need to develop a 
model using biomimicry as a tool for designers. This process reflected an understanding of the 
ecosystem in terms of an evolutionary and restorative process. It is evident that many nature-
based approaches can be adopted in the architectural design process by understanding the 
interdependencies in a functioning ecosystem. Biomimicry is seen also as a regenerative 
discovery process that takes nature as a design approach. Findings revealed that some architects 
were not very familiar with how natural processes operate, while others were in the process of 
understanding how to emulate them. Both architects and non-architects emphasised the 
importance of understanding the holistic connection between systems theory, systems 
engineering and systems design to nature related approaches. Overall, the most significant 
theme in architects’ comments was that biomimicry is well suited as a performance-driven or 
evidence-based design approach. 
Emergence	of	new	constructs	
While many of the responses fit within the a priori ‘constituents’ and ‘scales’ of a Biomimicry 
Approach, there was also a number of emergent constructs including aesthetics, scale, type, 
astrological concerns, use of cultural/traditional techniques, design theories and nature-based 
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propositioning systems. The qualitative data analysis identified some additional constructs 
(independent) relevant to a Biomimicry Approach for architectural eco design practice which 
had not been included in the practice survey. Some of these are recommended as potential 
constructs for future use, and they include scale or size, type and aesthetics of a building project.  
Reductionism:	Architects	response	in	the	ecological	
age		
Many scholars have recognised the absence of a systematic design thinking based on an in-
depth analysis of ecology (Hyde, Moore, Kavanagh, Watt & Schianetz, 2007; Hyde, Watson, 
Cheshire & Thomson, 2007; Orr, 2014; Orr, Sven Erik & Brian, 2008). Head (2008, p. 5) has 
noted the potential to “move to a sustainable way of living within environmental limits over the 
next few decades, allowing for continued human development and population growth, adapting 
to climate change impacts” and the importance of optimal design approaches. This foreshadows 
the hope of a transformation from the industrial age to an ecological age by the year 2030 or 
2050. Currently, building construction accounts for more than 50% of greenhouse gases and 
consumption of energy and materials, highlighting the importance of a ‘reduction scenario’ 
(Word Wildlife Fund, 2006) by encouraging ecological sustainability practices.  
Issues relating to the concept of ‘reductionism’ (Orr, 2014), such as waste minimisation and 
‘dematerialisation’, have been shown to vary according to the reciprocal influence of three 
elements― space, efficiency and scale of buildings. According to Mawhinney (2002), these are 
three of the seven elements of sustainable development that have received insufficient attention 
and they were seen as important by most eco practitioners in the present study. Space as a 
concept is considered having more of an abstract than a measurable value. The sustainable 
development literature has endeavoured to deal with space indirectly rather than directly, by 
looking at the carrying capacity of natural systems, bio-productivity, ecological footprints, and 
population density at the global, national and, occasionally, regional planning level, but has 
largely ignored the local scale. Although space as a concept is connected with aesthetics and 
cultural issues, within the sustainable development equation it is considered a significant factor, 
since economically, socially and environmentally all systems needs space to nurture 
(Mawhinney, 2002).  
The empirical enhancement showed that both architects and non-architects viewed appropriate 
space utilisation and spatial integration as the most important ‘components’ in ‘scale’- ‘design 
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propositions’ of a Biomimicry Approach to architectural eco design practice. These are eco 
design strategies that can be applied mainly at a local level. Spatial efficiency and resource 
efficiency principles in buildings can also be enhanced by taking their variables as indicators of 
eco design. Hence, these significant ‘components’ of a Biomimicry Approach have potential to 
enhance ecological sustainability in architecture. These most effective ‘predictors’ of a 
Biomimicry Approach to architectural eco design practice were identified (out of 15 
components) as spatial integration, space utilisation, spatial efficiency principles and resource 
efficiency principles. All these ‘components’ are related to space, scale and efficiency. This is 
one of the study’s most important contributions.  
Overall	enhancement	to	eco	design	practice	in	
architecture	
In recent years, the concept of ecologically sustainable development, which aims to achieve a 
balance between socio-economic considerations within environmental aspects of sustainability, 
has gained ground (Orr, 1992). Sustainability has been defined as a design philosophy that 
embraces the natural processes of the earth as its reality (Hsin, 1996) and which takes biological 
self-regulation of the overall system as its starting point (McLennan, 2004). This paradigm shift 
has necessitated new approaches to ecologically sustainable design, including ecological aspects 
of design. Such an approach, which takes ecosystem functioning as a model for architecture, 
remains elusive. Nonetheless, several ecosystem based design guides, reflecting biomimicry 
principles, have been developed as potential extensions to ecologically sustainable design 
(Benyus, 2002; Faludi, 2005; Head, 2008; Mendler, Odell & Lazarus, 2006; Pedersen Zari & 
Storey, 2007), although not specifically in relation to eco design practice in architecture.  
A review of current literature showed that biomimicry can be conceptualised and used as a 
directly mimicking approach -biology to design or design to biology (Baumeister, Tocke , 
Dwyer , Ritter  & Benyus, 2013; Pedersen Zari, 2007) or as an indirectly mimicking approach –a 
design is initiated by understanding principles of natural function (Biomimicry 3.8, 2012 ). 
Various other disciplines use different terminologies to refer to this phenomenon (see Chapter 2 
and Appendix A2). The literature review discussed definitions of biomimicry and related 
disciplines and examined its relationship to ecologically sustainable design (Chapters 1 and 2). 
Although ‘biomimicry thinking’ has been incorporated into a biological data base (Biomimicry 
3.8, 2012), its applicability to the architectural design process is still unclear. Current research 
Synopsis	and	Conclusion		
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture			 8‐21	
on biomimicry shows that many schools of thought are exploring this translation of biology to 
design in different ways. 
Overall, this study has filled a theoretical and empirical gap in research-based knowledge of 
‘biomimicry thinking’ and proposed a Biomimicry Approach, which proposed a simultaneous 
use of directly mimicking and indirect mimicking approach to architectural eco design projects. 
The literature review identified the theoretical location of biomimicry in the wider field of 
ecologically sustainable design (Appendix A1and A3). This study attempted to develop a 
theorisation which was a systematic way of thinking―a model that can be used in the design 
process and a design approach to apply these principles to architectural eco design practice. 
Biomimicry	as	design	indicators	for	green	rating	
systems	
Many researchers have also emphasised the need to incorporate spatial attributes, design 
philosophy and green aesthetics into green rating systems, such as LEEDs, BREAM and Green 
Star, where they are currently ignored or assigned less weight as indicators (Weerasignhe, 
2012). They are considered as indicators with an abstract rather than measurable value and are 
related to the subjectivity of aesthetics and innovation. Architects constantly deal with space, 
scale, efficiency and aesthetics. The literature (Mawhinney, 2002) had already identified these 
as missing elements in sustainability (Chapter 1).This study reconfirms the importance of using 
space as  both abstract and measurable indicators for architectural eco design practice. 
The elements of waste reduction through design and effective spatial design can be used in 
future as measurable indicators, which are now considered hidden or missing. This research 
shows how architects, as spatial designers, can contribute to design at a local level by 
manipulating spaces efficiently and with less waste (material and energy) using optimal design 
strategies identified via a Biomimicry Approach, which can lead giving a measurable value to 
concept of space in eco design practice in the quest to accelerate the anticipated ecological goal 
by the year 2030 (Architecture 2030, 2011) or 2050 (Mazria, 2010). 
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Limitations	of	the	Study	
Several changes of direction occurred during the course of the investigation. This was to be 
expected, given the exploratory nature of the study and its adherence to a post-positivist 
research framework. Unlike many purely quantitative studies, in which the design and methods 
typically follow a well-defined structure, this investigation was shaped by the reciprocal 
interplay between theory and data. In particular, the comparative review of literature from 
different fields (ecologically sustainable design, biomimicry and ‘biomimicry thinking’ 
processes) helped to identify key issues which in turn informed the research design.  
There were also some methodological limitations. During the planning stage, it was expected 
that some difficulty would be encountered in obtaining an adequate response rate from the target 
group of busy professionals for the online survey and interviews. The pilot study, however, 
allayed this concern by identifying strategies to improve the response rate. 
A further limitation arose from the use of a practice survey, which restricted participant 
recruitment to practitioners with access to computers. In addition, the use of an English 
language questionnaire limited participation to professionals from the English speaking 
community. Another difficulty was presented by the fact that the sampling criteria (eco-
practitioners related to the field of building construction) were fairly broad and not restricted to 
a particular context, which created some data handling problems. Although stratified random 
sampling was used, the respondents were individually identified via a taxonomy of building 
projects related to eco design practices. The results of the practice survey indicated a 
demographic response bias in relation to country, gender, work experience, age and even 
profession. During analysis, the latter was addressed by identifying an architects’ group and 
combining all other design professions into a non-architects’ group (Chapter 5).  
To avoid sample bias, a comprehensive, systematic member checking and audit trail process 
was conducted throughout the entire data collection procedure. In addition, the other research 
technique (project-based interviews) provided further validation of the primary findings from 
the survey and helped to transform some of these limitations into opportunities. 
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Recommendations	
Based on the interpretations of its findings, this study proposes two new contributions to the 
design process: biomimicry design indicators, which could be incorporated into future rating 
systems to measure under the category –‘innovation’ in relation to the concept of space; and a 
biomimicry design matrix, which could serve as an effective checklist for eco practitioners 
during the design process. The findings also showed that a Biomimicry Approach can be used in 
a holistic way (consulting nature and its ecosystem) to even connect with traditional principles, 
materials and technology by understanding then human behavioural patterns and indigenous 
forms of vernacular buildings. 
Proposed	Design	Matrix	
Theoretical findings from the literature review (‘biomimicry thinking’) and empirical findings 
(Biomimicry Approach) based on the best correlation of the ‘constituents’ and the most 
effective ‘predictors’ can inform the development of a biomimicry design matrix. This could 
provide a check list during the design process stage to ensure effective systems integration in 
eco design practice by serving as a prompt when selecting from the wide range of possibilities 
in biomimicry design. The identified dependent constructs (‘constituents’) of a Biomimicry 
Approach―consulting nature as a ‘concept’ (model, mentor and measure); approaching nature a 
as a ‘procedure’ (directly or indirectly mimicking nature); applying nature at a form, process or 
ecosystem level―can interact with variables of the ‘components’― spatial integration and 
space utilisation (identified from the ‘scale’―’design propositions’ as the most effective 
‘predictors’ to determine the physical attributes of a built form). This method can be used to 
develop a design matrix to determine the most appropriate approach for a particular project, 
which further supports the Biomimicry Approach to enhance ecological sustainable practice in 
architecture.  
Proposed	Design	Indicators	
Environmental assessment has been identified as a design process that can be examined as 
inputs to the process and outputs of the performance. It is suggested that biomimicry ‘design 
propositions’ be used as ecological output indicators in eco design practice to examine all 
aspects of this process (Hyde, Moore, Kavanagh, Watt & Schianetz, 2007) while ‘Biomimicry 
principles’ are recommended as ecological input indicators for ecologically sustainable design. 
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It is argued that biomimicry design indicators would need careful attention as an assessment tool 
for inclusion in current rating systems such as Bream, Gold Star, and LEEDS.  
This would allow an extension of the Biomimicry Approach to enhance ecologically sustainable 
building and effective space design under the category ‘innovation’, which currently is given 
less weight in most rating systems (Weerasignhe, 2012) in assessing architectural eco design 
practice. Since the biomimicry ‘design propositions’ were identified as the most effective 
‘predictors’ of eco design practice, this study proposes the ‘components’― spatial integration 
and space utilisation as the main indicators to increase ecological sustainability for eco design 
practice (Figure 8.3), which also tallies with the a set of biomimicry design indicators suggested 
by analysing the literature (Appendix F3). 
Biomimicry Principles 
 
Biomimicry Design Propositions 
 
 Use energy and materials 
sparingly as a resource 
Spatial 
Efficiency 
(input) 
Space 
Utilisation 
(output) 
 Reduce over designing 
 Fits form to function  Eliminate unutilised space (Waste spaces) 
 Optimize the system rather 
than maximizing components 
 Spaces to be integrated not segregated 
  Fabric adapts to climate 
 Bank on diversity to fill every 
niche 
 Self –assembly, from the 
ground up 
 Life to create conditions 
conclusive to life 
 Run on sunlight-Solar 
transformation 
 Recycle everything 
 Rewards cooperation 
 Demands on local expertise 
 Curb excess from within 
 Taps power of limits 
 
Resource 
Efficiency 
(input) 
Spatial 
Integration 
(output) 
 Every space component to have multiple 
functions 
 Use of multi- functional materials and 
technologies 
 Form shapes as per environmental 
constraints 
 Integration of functions of form 
 Flexibility in design 
 Every space and component need not be 
designed but is generated 
 Understand the ecosystem balance and fit 
in terms of site and environment. 
 Create diversity by creating places of 
variety 
 Create a built form with its own character  
 Every part to be connected to the whole 
Figure 8.3: Proposed design indicators  
This also needs future investigation. The proposed input indicators can assist all stages in the 
design process (conceptual planning to detailed design), while the output indicators can act as 
measures to assess the design outcome. However, the analysis of literature review and the 
research findings of this study identified that ‘biomimicry principles’ and ‘design propositions’ 
as potential future design indicators that could help enhance eco design practice in architecture. 
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Vernacular	Architecture	and	Biomimicry		
The findings from this study, particularly the interview and documentary evidence, show that 
some biomimicry principles, propositions and processes for design can be linked to the 
strategies found in vernacular architecture that are therefore worth reinvestigating with the 
proposed Biomimicry Approach. The practice examples of building projects highlighted the 
importance of connecting traditional perceptions and vernacular architecture with cultural 
significance and natural phenomena to further understand user functions (needs and behavioural 
patterns) and context (environment and climate) in evolving an innovative built form 
(aesthetics). However this study recommends vernacular architecture and biomimicry as 
prospective avenues for future researchers. Forthcoming generations would productively build 
on existing traditional concepts and methods to develop innovative biomimicry approaches to 
further enhance the eco design practice environment. 
Concluding	Remarks	
During the last decade, the building construction industry has paid increasing attention to the 
possibility of incorporating a Biomimicry Approach into architectural eco design practice. 
Ecologically sustainable design approaches, such as green, sustainable, ecological design, and 
bioclimatic approaches, have been extended to include biomimicry as an approach to the design 
of ecologically sustainable buildings, which remain in a development phase. The significant 
impact of buildings on the ecosystem has generated the need for new design processes and tools 
that can enhance ecologically sustainable development (Orr, 1992; Papanek, 1995). Many 
expressed the need to first built an ecologically sustainable society that accepts and understands 
ecological literacy to practice architectural eco design (Orr, 1992; Stegall, 2006). In this context, 
the proposed Biomimicry Approach is an attempt to help designers/architects to simultaneously 
understand such human behavioural patterns with environment constraints to sustain an 
architectural eco design practice. The emergence of this trend highlights the need for future 
research and development of biomimicry as a design matrix, design indicators and possibilities 
for the use of vernacular architectural strategies to further enhance eco design practice in the 
building construction industry. 
This study represents only one such Biomimicry Approach to making buildings more 
ecologically sustainable. Various other design approaches, using different constructs and 
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methods, have been developed to achieve the same objective. This approach to biomimicry 
recognised a simultaneous use of indirectly mimicking and directly mimicking to architectural 
eco design projects. This ‘Biomimicry thinking’ acknowledges the conventional design thinking 
of ‘form follows function’ but adds that ‘shape follows environment’. It seems clear that the 
development of ecologically sustainable architecture can be enhanced by ‘biomimicry thinking’ 
combined with a Biomimicry Approach. 
As a concept generator, this approach can help designers to integrate and adapt a whole system 
design, rather than merely assembling elements to create a whole. It identifies whole systems 
integration to generate innovative strategies for effective space optimisation by understanding 
key ‘design propositions’ (spatial integration and space utilisation) and ‘biomimicry principles’ 
(spatial efficiency and resource efficiency) in designing the ‘physical attributes’ of a building. 
The resulting optimisation of space and form means that less waste is produced. This includes 
understanding how nature integrates with functional needs and behavioural patterns, adapts to 
the environment and climatic conditions and utilises its spaces to develop a building form 
efficiently. 
In this study, a Biomimicry Approach sees effective use of space as a way to minimise the use 
of material and energy waste to enhance ecological sustainability in architecture. The aim of a 
model to reduce waste through effective spatial design fits well with the concept of 
reductionism (dematerialisation) ―‘more with less’. This ‘biomimicry thinking’ and 
Biomimicry Approach can be seen as an enhancement to practice ecological sustainability in 
architecture, where architects can contribute to a ‘reduction scenario’ for a future ‘ecological 
age’. 
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Comparative Analysis-Ecologically Sustainable Design Approaches 
Items Ecological Design Approach 
 
Green Design Approach Bioclimatic Design 
Approach 
Biomimicry Design Approach 
Theory 
 
 
Theory of ecology, Systems Theory 
 
Holistic design theory. 
 
Holistic design theory. 
 
Theory of ecology, Systems theory, Theory of 
Evolution, Constructal theory, Holistic design theory 
Definitions 
 
Any form of design that minimizes 
environmentally destructive impacts by 
integrating itself with living processes.(Van 
de Ryn,1996)p.18 
 
A design process, the designer minimizes 
and eliminates the adverse effects upon the 
earth’s ecosystems (Yeang, 1995) p.187 
A green building places a high 
priority on health, environment and 
resource conservation performance 
over its life cycle.(Hui, 2002)  
Overlapping fields of 
biology, climatology and 
architecture (Olgyay, 1963) 
Development of passive 
Low Energy in architecture 
(PLEA) has reframed 
bioclimatic design in the 
context of 
sustainability.(Hyde, (ed) 
2007 ) 
Biomimicry (from bios, meaning life, and mimesis, 
meaning to imitate) is a design discipline that seeks 
sustainable solutions by emulating nature’s time-
tested patterns and strategies, e.g., a solar cell 
inspired by a leaf. (Benyus, 1997) 
Concept 
 
Form and Shape both follow the 
Environment (Eco system)  
Eco system concept-Structure of biotic and 
abiotic components, interactions as a whole, 
flow of energy and materials through the 
system. 
Form follows Environment? 
A balance between nature and man 
Form follows 
Environment? 
Tangible and Intangible 
design 
Zero energy building, 
Carbon neural 
Smart housing 
Form follows function and Shape follows 
Environment (Context)  
 
Analogical or biomimicry thinking  
A nature offers a model for new forms. And fresh 
building typologies 
Framework Human rights have been expanded into 
natural rights in ecological thinking. We 
need to design for the needs of all species, 
not just our own needs.(Mc Donough, 1992) 
Cradle to cradle (C2C)framework-
system powered by renewable 
energy in which materials flow in 
safe, regenerative, closed loop 
cycles.(McDonough, Braungart, 
Anastas & Zimmerman, 2003) 
Holistic consideration of 
negative environmental 
impacts that arise in the 
construction of the building 
and its infrastructure. Make 
design recommendations, 
which minimize the negative 
environmental effects of 
building and buildings(Hyde, 
2000) 
Nature as model, mentor measure. mimicking nature’s 
forms, Processes and ecosystems. Levels (Benyus, 
1997)  
Redefined the levels as a tool to increase regenerative 
capacity of the built environment. Organism level, 
Behavioral level, Ecosystem level-Form, Material, 
Construction, Process, Function (Pedersen Zari, 2007) 
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Principles/ 
strategies 
 
 
 
 
 
Ecological principles-(Ryn, 2005)p.54-56 
The Hannover Principles  
(McDonough 1992) 
Five Principles of Environmental 
Architecture (Fisher, 1992) 
Living buildings (Jason F. McLennan, BNIM 
Architects) 
 Green Principles-(Vale, 1991b) 
Principles of Green (C2C ) 
Engineering (McDonough, et al., 
2003)- 12 principles  of Green 
Engineering-a guidance how to 
optimize products, processes and 
systems 
Bioclimatic principles-
(Hyde, (ed) 2007 ) p.41&42 
Principles of Sustainable 
Design 
(Hui,2005) 
Biomimicry Principles-(Benyus, 1997)- Applying 
lessons learned from the study of natural’ methods 
and systems to the design of technology, Janine 
Benyus articulates nine principles in her 1997 book 
Biomimicry: Cautionary Tale (Benyus, 1997) 
Ecosystem principles (Pedersen Zari, 2007 ) 
Models 
 
 
 
Ecological models 
Local action model: Ecologically sustainable 
design 
Analysis, synthesis and appraisal  
(Markus, 1973) 
Odum’s Model, SOHO 
Environmental Brief- 
Ecological sustainable development 
(Hyde, 2007) 
 
Pressure State Response Model 
SOHO model 
Traditional Models 
Holistic models 
 
Nature Models, Vernacular models, 
Eco Models 
Biomimetic design process 
Biomimicry Guild- 
 
Design 
approach 
 
 
 
 
Ecological impacts as part of the design 
process. 
Interdisciplinary approach, that embodies 
ecology and architecture and other related 
disciplines-environment protection, 
conservation and preservation (Yeang, 
1995)p.187 
Spatial impacts, interactions ,energy, 
materials used, physical fabric and form ,its 
internal process into the environment 
(Yeang, 1995)p.189. ED is an approach to 
social and environment problem solving, 
deals With complex open systems, so it 
would be inappropriate to specify 
A fix set of solutions.(Birkeland, 2002)p.2 
Top down system 
Bottom up system 
Elements of Green Design 
methodology 
green architectural language or 
syntax does exist; it is very 
pluralistic and inclusive. Associate 
‘green’ either with add on 
engineering gadgets, or with an 
extreme strand that might come 
under ‘deep ecology’ ‘and has a 
visual connection that might be 
conjure up ‘organic ‘in a visually 
literal way (Porteous, 2002).p.47 
 
Climatic type –the generator 
& Building fabric –the 
modifier 
Eco friendly approach to design(2009) Cradle to 
Cradle design; is a Biomimetic  approach to the 
design of systems. It models human industry on 
nature’s processes in which materials are viewed as 
nutrients circulating in healthy, safe metabolisms The 
Biomimicry process of consulting life’s genius, 
Described in the Design Spiral, can serve as a guide 
to help innovators use biomimicry to biologise a 
 challenge, query the natural world  for inspiration, 
then evaluate to ensure that the final design mimics 
nature at all levels—form, process, and ecosystem 
.(Baumeister., 2007.) 
 
Bio-TRIZ, Typological analysis, 
Related 
disciplines 
 
Ecomimcry- 
Ecomimies- 
Ecocyborg,Ecosystem biomimicry Urban 
ecology, Permaculture, Industrial ecology, 
Construction ecology, Regenerative design 
Low energy designs 
Thermal comfort 
Low energy buildings  
Thermal comfort 
Passive solar design 
Climate responsive design 
Biomimetic for the process of understanding  
and applying biological principles to  human 
designs.Bionics-Design of systems based on 
 biological solutions (Yeang, 1995) 
p.211 Nanotechnology, Biotechnology, Biomaterial, 
Biodynamic, Permaculture, Industrial ecology, 
Construction ecology, Regenerative design, Biophilia, 
Urban ecology 
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Assumptions 
propositions 
 
 
 
 
 
Effective adaptation to and integration 
with nature’s process. P18 
 
A design process, the designer minimises 
and eliminates the adverse effects upon the 
earth’s ecosystems (Yeang, 1995) p.187. 
 
 
Five green phases- 
The brown –green phase 
 The Light green phase 
 The green- green phase 
Dark Green phase 
Living Green phase 
 
Optimum climatic 
performance of the building. 
Bioclimatic design is the 
means, then sustainability is 
the outcome.(Hyde, (ed) 
2007 ) 
Form and fabric of the 
building can be matched to 
human and climate factors 
in order to optimize climate 
response(Hyde, 2000). 
biomimicry differs from other ‘bio-inspired approaches’ 
by consulting organisms and ecosystems and 
applying the underlying design principles to our 
innovations (2009) Joining of science and design 
To evolve new forms and patterns in architecture to 
capture available resources and energy to create an 
environmental friendly concept- ‘more with less’ ‘ 
Architectural 
education 
Introducing ecology, technology 
More science dominating than art 
Material  Science, ecology, 
technology More science than art 
Biology, climatology, 
ecology Science shapes art 
science integrating with Art - 
Biology, sociology, ecology, technology, 
material science, design principles, fundamentals, 
geometric proportioning systems based on nature 
Neighbouring 
architectural 
terminologies 
Environmental  Architecture 
Eco Design 
 
Low energy Architecture 
Environmental Architecture 
Climate sensitive 
architecture 
Environmental Architecture 
Bio inspired Architecture 
Bio Architecture 
Environmental Architecture 
Organic Architecture 
Critiques-Issues, 
concerns, 
myths 
No central unifying theory. To develop a 
unifying theoretical basis and frame of 
reference for design. An interaction frame 
work that provides a holistic theory for 
Design (Yeang, 1995)p.188.Less 
significance on the building itself and more 
emphasis on the environment 
surroundings), urbanscape, landscape 
design than architecture. 
Green design cost more. Green 
Buildings-only superficially green; 
they express the environmental 
science that underlies design, but 
do not draw deeply from ecology in 
terms of concept and form.  
What does green architecture look 
like?(Vale, 1991a; Yeang, 2006)  
Less emphasis on the user 
needs 
More on user comfort. 
How appropriate is mimicking to architectural design? 
Is it more of a ‘system approach’ than a ‘Intuitive 
approach’? is mimicking or copying form appropriate 
for architectural practice. Being understood as a 
creative approach to design.it is being applied 
currently as elements than holistically. 
 
Initiatives Critical strategies for addressing natural 
capital loss: Conservation, regeneration, 
stewardship.p.21 
 Push and Pull approach  Synergy between disciplines multi–functionality, 
adaptability, optimisation 
economic, aesthetics, system integration 
Assessment  
criteria 
Arup's Virtuous Circle Environment briefing system 
(EBS),Green rating systems 
BREEAM, LEED, Green Star, 
NatHERS, ABGR, HKBEAM 
Sick building syndrome has become 
Energy fabric shaping, mass 
consumption- BEA tools 
PPDS tools 
Analogical Translations: Ask nature –online data base 
our on line database of Biological strategies and ideas 
to inspire Biomimetic design. Biomimicry Portal 
prototype data base was originally created in 
collaboration with the Rocky Mountain Institute, and is 
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an important indicator of lack of 
greenness (Porteous, 2002)p.49 
a precursor to Ask Nature. It still contains some 
biomimicry information that is on Ask Nature-3.8 
Biomimicry. and ,Biomimicry Europa status. 
Level of 
Application 
 
Ecosystem 
 
Ecosystem and form Ecosystem ,form and 
Shape 
Ecosystem, Process ,form  
Design 
Approach 
Indirect Approach Indirect Approach Indirect Approach Indirect Approach and Direct Approach 
Fields 
Applicable  
Urban Design & Master planning, 
Architecture 
Urban design &Master Planning, 
Architecture 
Urban Design & Master 
Planning, Architecture 
Robotics, urban design Interior design, product 
design, Architecture, master planning 
Common factors  
 
 Taking environment as a basis to design to sustain a society within an economy is ecologically sustainable design approaches 
 Environmentally friendly approaches-bases most of its principles on how organisms, and natural ecosystems perform 
  Aims to lessen the impacts of built environment to natural environment by using minimum material and energy resources  
 Common indicators-resource and energy efficiency, but different pathways to achieve the same goal of ecological sustainability in design. 
 All approaches of design focuses on sustainable design philosophy more focus towards Ecologically Sustainable future. Same goal and concerns with different 
priorities, weightings, and principles. Interdisciplinary, Integrated and eco-efficiency design approaches. Eco-friendly processes. 
 Overlaps as well as differentiates-challenges are the same with different scales and weights 
 Practitioners that focus on environmental conscious architecture can be named as eco practitioners. Most design approaches are based on a mix of General 
Theory, Theory of Ecology Systems Theory and Constructal Theory and many ecological models have been developed. 
 All ESD approaches takes ecology as a basis to design and are being applied in eco design practice 
 More the integration of functions, structure, materials, and services higher the level of advancement of sustainability. More the adaptation to the environment 
betters the performance of the building. A well functional integrated building and a good environmentally adapted building has a high level of optimization in design 
in terms of social, economic and environment sustainability for better human well-being.  
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Interview	Questions/Guide	
1. QUESTION 1: 
 
 
 
 
 
 
2. QUESTION 2: 
 
 
 
 
 
 
 
3. QUESTION 3: 
 
 
 
 
 
 
4. QUESTION 4: 
 
 
 
 
 
 
5. QUESTION 5: 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
As an eco-practitioner interested in environmental conscious design or ecological 
sustainability what are your key concerns? 
In what way has nature being used as a design guide in your practice? 
How have you managed to incorporate nature as a design approach to generate a 
concept during the design process? Explain through your building project? 
In what way has nature reflected in the final design outcome in your project- in the 
built form in terms of the physical attributes; form, space planning, elements envelope? 
What are the difficulties encountered in incorporating nature’s concepts into your 
design practice? Explain through your building project? 
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Descriptive	statistical	analysis	of	Dependent	constructs	(constituents)	
 
Sq2 How important is emulating nature at the following levels of application to design? 
Variable items Mean Std. Deviation Variance Skewness Kurtosis 
Form 4.4412 1.82162 3.318 -.270 -.808 
Process 6.2353 1.00668 1.013 -1.441 2.257 
Ecosystem 6.4804 .85284 .727 -1.891 3.525 
Valid N (listwise) 102 
Sq3 How important are the following, as a concept generator to design? 
Variable items Mean Std. Deviation Variance Skewness Kurtosis 
Model 6.1373 1.18605 1.407 -1.397 1.383 
Measure 6.1569 1.13229 1.282 -1.484 1.707 
Mentor 6.4510 .81602 .666 -1.568 2.545 
Valid N (listwise) 102 
Sq5 To what extent are the following approaches used in your practice? 
Variable items Mean Std. Deviation Variance Skewness Kurtosis 
 Direct 4.2941 1.77768 3.160 -.155 -1.097 
 Indirect 5.4314 1.45228 2.109 -.949 .441 
Valid N (listwise)  102 
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Descriptive	statistical	analysis	of	Independent	constructs	(Scales)	
 
 Sq 1. How familiar are the following disciplines to you? 
Variable items Mean 
Std. 
Deviation 
Variance Skewness Kurtosis 
Biomimicry 6.1961 1.20263 1.446 -1.920 4.099 
Ecomimicry 4.3100 2.00344 4.014 -.340 -1.134 
Biophilia 4.2059 2.24860 5.056 -.220 -1.449 
Industral ecology 4.5446 1.65622 2.743 -.213 -.742 
Construction ecology 4.5196 1.89178 3.579 -.434 -.883 
Regenerative  design 5.1863 1.71037 2.925 -.962 .097 
Urban ecology 5.3333 1.45788 2.125 -.914 .648 
Nanotechnology 4.6275 1.80166 3.246 -.543 -.572 
Valid N (listwise) 102 
 
 Sq2. How important are the following guiding tools to increase efficiency & effectiveness in 
design? 
Variable items Mean 
Std. 
Deviation 
Variance Skewness Kurtosis 
Design Spiral 4.7253 1.69487 2.873 -.672 .027 
 
C2C 5.4184 1.54101 2.375 -1.317 1.643 
Ecological Design 4.5385 1.58775 2.521 -.753 .370 
 
LBC 4.4783 1.66191 2.762 -.621 -.088 
Biomimicry Principles 5.1474 1.67076 2.791 -1.033 .582 
Green Rating 4.3571 1.77022 3.134 -.376 -.668 
Hannover Principles 4.1910 1.63426 2.671 -.528 -.310 
Green Principles 4.7640 1.62908 2.654 -.640 -.053 
Sustainable Principles 5.9898 1.13883 1.297 -1.333 1.800 
Bioclimatic principles 5.4388 1.54193 2.378 -1.089 .767 
Bio_TRIZ 3.6322 1.61131 2.596 -.179 -.513 
Olgyay 4.3409 1.72280 2.968 -.328 -.426 
Valid N (listwise)  102 
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 Sq8. How relevant are the use of nature's principles and concepts at each of the following stages in  
design? 
Variable items Mean Std. Deviation Variance Skewness Kurtosis 
Preliminary 6.5784 .83768 .702 -2.160 4.382 
Concept Development 6.6040 .79701 .635 -2.982 11.811 
Schematic 5.9505 1.19716 1.433 -1.633 4.049 
Detail 5.4510 1.46664 2.151 -.804 -.089 
Contract documentation 3.9000 2.04165 4.168 .131 -1.148 
Contact Administration 3.7400 2.01784 4.072 .195 -1.147 
Valid N (listwise) 102 
 
 Sq 9. How relevant are the following principles to design? 
Variable items Mean Std. Deviation Variance Skewness Kurtosis 
Energy materials 6.5196 .87575 .767 -2.587 8.586 
Diversity 5.2626 1.61421 2.606 -.728 -.418 
Optimize 6.3922 .95603 .914 -2.112 5.299 
Self-assembly 5.3366 1.48442 2.204 -.842 .242 
Life conditions 5.6970 1.43820 2.068 -1.261 1.447 
Sunlight 5.7157 1.26160 1.592 -1.165 1.716 
Form Function 5.7843 1.38326 1.913 -1.434 2.108 
Recycle 5.7745 1.44131 2.077 -1.335 1.607 
Cooperation 5.5670 1.46177 2.137 -.989 .357 
Local expertise 5.6931 1.39122 1.935 -1.230 1.561 
Curb excess 5.8211 1.29721 1.683 -1.236 1.395 
Limits 5.3333 1.36916 1.875 -.704 .243 
Valid N (listwise)   102 
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 Sq 10.  How important are the following software to help integrate physical attributes form, space 
and fabric effectively when designing? 
Variable items Mean Std. Deviation Variance Skewness Kurtosis 
Autocad 4.3579 2.03395 4.137 -.352 -1.022 
Ecotech 4.3723 1.94979 3.802 -.453 -.905 
Design_Builder 3.5814 1.75457 3.079 .013 -.834 
BIM 4.7363 1.91831 3.680 -.701 -.517 
Sketchup 4.4086 1.79789 3.232 -.526 -.542 
ThreeDmax) 4.0225 1.88783 3.564 -.223 -.867 
L_System 3.2000 1.53119 2.345 .116 -.511 
X_frog 3.0897 1.50370 2.261 .248 -.313 
Valid N (listwise) 102 
 
Sq 11.  To what extend has nature as an approach being responsible in determining the following design 
attributes to enhance ecological sustainability? 
Variable items Mean Std. Deviation Variance Skewness Kurtosis 
Orientation 5.9703 1.74319 3.039 -1.967 2.934 
Reuse 5.7624 1.57423 2.478 -1.414 1.384 
Footprint 5.6337 1.66337 2.767 -1.279 .851 
System Integration 6.0784 1.39082 1.934 -1.899 3.748 
Materials 5.8515 1.20548 1.453 -1.126 1.573 
Service technologies 5.2772 1.56141 2.438 -.650 -.306 
Envelope design 5.5842 1.64267 2.698 -1.095 .454 
Daylight 6.0900 1.44945 2.101 -2.130 4.541 
Natural Ventilation 6.2673 1.26562 1.602 -2.494 6.780 
Thermal Comfort 6.1900 1.23236 1.519 -2.089 5.208 
Green Aesthetics 5.4343 1.73012 2.993 -1.110 .446 
Views vistas 5.3814 1.81546 3.296 -1.126 .442 
Valid N (listwise)  102 
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Sq 10 How important are the following software to help integrate physical attributes form, space and 
fabric effectively when designing? 
Variable items Mean Std. Deviation Variance Skewness Kurtosis 
Volume 5.6139 1.58564 2.514 -1.284 1.018 
Form shape 5.7647 1.50364 2.261 -1.478 1.845 
Spatial layout 5.5392 1.59623 2.548 -1.235 1.049 
Elements 5.7647 1.40844 1.984 -1.544 2.519 
Structural systems 5.6569 1.55108 2.406 -1.323 1.242 
Selecting Materials 5.9505 1.22172 1.493 -1.399 2.412 
Technologies 5.1176 1.66676 2.778 -.661 -.323 
Valid N (listwise) 102 
 
Sq 11 To what extend has nature as an approach being responsible in determining the following design 
attributes to enhance ecological sustainability? 
Variable items Mean Std. Deviation Variance Skewness Kurtosis 
Over designing 5.2828 1.71793 2.951 -.978 .178 
Waste space 5.3000 1.67982 2.822 -.846 -.062 
Space integration 5.4747 1.60039 2.561 -1.114 .702 
Multifunctional space 5.4100 1.62344 2.636 -1.131 .675 
Fabric adapts 5.7426 1.48026 2.191 -1.430 1.878 
Multifunctional material 
technology 
5.6931 1.34784 1.817 -1.275 1.445 
Environment 5.8218 1.37442 1.889 -1.561 2.431 
Synthesis form 5.5000 1.62590 2.644 -1.064 .390 
Design Flexibility 5.8416 1.46059 2.133 -1.449 1.642 
Design generated 5.0600 1.78453 3.185 -.764 -.234 
Ecosystem balance 6.1287 1.31000 1.716 -2.076 4.571 
Places variety 5.5000 1.59517 2.545 -1.164 .742 
Robust 5.2400 1.74696 3.052 -.946 .120 
Part whole 5.8911 1.39944 1.958 -1.504 1.958 
Valid N (listwise)  102 
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Sq 10 How important are the following software to help integrate physical attributes form, space and 
fabric effectively when designing? 
Variable items Mean Std. Deviation Variance Skewness Kurtosis 
Client 5.4141 1.60451 2.574 -1.206 .915 
Financial 5.6566 1.42232 2.023 -1.304 1.632 
Regulation 5.0101 1.76037 3.099 -.849 -.168 
Design Team 4.5758 1.80259 3.249 -.674 -.574 
Project Coordination 4.3265 1.70483 2.906 -.467 -.561 
Social stigma 4.6100 1.85566 3.443 -.490 -.674 
Eco-technologies 4.7273 1.77339 3.145 -.487 -.761 
Time 4.6000 1.98509 3.941 -.449 -.963 
Cultural 3.6392 1.94573 3.786 .147 -1.131 
Valid N (listwise) 102 
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Scales Design Disciplines Design Guiding Tools 
Components Organism - disciplines Ecological- disciplines Behavioural tools Environmental tools Green  benchmarks 
Description      
Mean  5.0184  4.6858  4.5365  4.8899 4.6556 
Median  5.3300  4.6700  4.6700  4.8600 4.7800 
Mode  5.67a  4.00  4.56a  4.71 5.25 
Std. Deviation  1.32776 1.25341 1.12559  0.98258 1.10894 
Variance  1.763 1.571 1.267  0.965 1.230 
Skewness  -0.737  -0.337  -0.789  -0.414 -0.864 
Kurtosis  0.157  -0.256  0.639  0.145 1.154 
Range  6.00  5.83  5.78  5.00 5.75 
Sum  511.88 477.95  462.72  498.77 474.87 
 Stats df Sig. Stats df Sig. Stats df Sig. Stats df Sig. Stats df Sig. 
Kolmogorov-
Smirnova 
.139 102 .000 .076 102 .155 .143 102 .000 .075 102 .183 .137 102 .000 
Shapiro-Wilk .947 102 .000 .982 102 .178 .950 102 .001 .984 102 .243 .942 102 .000 
Histogram 
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  Scales Design Principles 
Design Software 
Design Attributes 
  Components Spatial efficiency Spatial efficiency Climate attributes Climate attributes 
Description      
Mean  5.8156 5.6707 4.2466 5.9800 5.8169 
Median  5.8600 5.7300 4.3850 6.4000 6.0000 
Mode  .00 7.00 1.00 7.00 7.00 
Std. Deviation  0.87602 0.99744 1.51664 1.21705 1.10803 
Variance  0.767 0.995 2.300 1.481 1.228 
Skewness  -1.066 -1.040 -0.704 -2.036 -1.662 
Kurtosis  2.477 1.698 -0.074 5.109 4.408 
Range  5.00 5.00 6.00 6.00 6.00 
Sum  593.19 578.41 433.15 609.96 593.32 
 Stats df Sig. Stats df Sig. Stats df Sig. Stats df Sig. Stats df Sig. 
Kolmogorov-
Smirnova 
.088 102 .049 .091 102 .036 .117 102 .001 .201 102 .000 .151 102 .000 
Shapiro-Wilk .088 102 .049 l 102 .000 .934 102 .000 .780 102 .000 .859 102 .000 
Histogram 
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   Scales Design Stages 
Physical Attributes 
Design Propositions 
   Components Conceptual  Design development Space utilisation Spatial integration 
Description      
Mean 6.5912  4.7604 5.6297 5.4420 5.6091 
Median 7.0000  4.7500 6.0000 5.6000 5.8750 
Mode 7.00  7.00 6.00 7.00 7.00 
Std. Deviation 0.71575 1.44963 1.17018 1.33040 1.16235 
Variance 0.512  2.101 1.369 1.770 1.351 
Skewness -1.878  -0.203 -1.364 -1.153 -1.287 
Kurtosis 2.861  -0.723 2.654 1.426 2.431 
Range 3.00  6.00 6.00 6.00 6.00 
Sum 672.30  485.56 574.23 555.08 572.13 
 Stats df Sig. Stats df Sig. Stats df Sig. Stats df Sig. Stats df Sig. 
Kolmogorov-
Smirnova 
.383 102 .000 .074 102 .196 .137 102 .000 .121 102 .001 .116 102 .002 
Shapiro-Wilk .636 102 .000 .963 102 .006 .890 102 .000 .904 102 .000 .904 102 .000 
Histogram 
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  Scales Design Constraints 
  Components Primary constraints Secondary constraints 
Description   
Mean 5.3606 4.5599 
Median 5.6700 4.7500 
Mode 6.00 5.00 
Std. Deviation 1.25902 1.39033 
Variance 1.585 1.933 
Skewness -1.011 -0.594 
Kurtosis 1.148 -0.149 
Range 6.00 6.00 
Sum 546.78 465.11 
 Stats df Sig. Stats df Sig. 
Kolmogorov-
Smirnova 
.126 102 .000 .127 102 .000 
Shapiro-Wilk .924 102 .000 .956 102 .002 
Histogram 
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Groups Categories Frequency Percentage (%) 
Gender Male 76 74.5 
Female 26 25.5 
    
Professional  
Experience 
>5 years 30 29.4 
6-10 years 24 23.5 
11-15 years 19 18.6 
16-20 years 11 10.8 
<20 years 18 17.6 
   
 
Age > 25 years 2 2.0 
26-30 years 23 22.5 
31-35 years 19 18.6 
36-45 years 34 33.3 
46- 50 years 5 4.9 
51- 60 years 14 13.7 
<60 years 5 4.9 
   
 
Profession Architect 59 57.8 
Architectural Engineer 5 4.9 
Interior Designer 1 1.0 
Industrial Designer 2 2.0 
Design Educator 3 2.9 
Engineer 8 7.8 
Environmental Consultant 4 3.9 
Biomimicry Facilitator 5 4.9 
   
Profession 
(Combined) 
Architects 59 57.8 
Non-Architects 43 42.2 
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Rq4. In what way do you use nature as a guide to design? Others 
RID No. Response Text Themes Key words Profession 
R-136 to adapt multi-physical concepts  Mentor, direct, process adapt multi-physical concepts NA 
R-131 System design by applying system theory to open interactions between different 
ecospheres  
Direct, ecosystem 
Process, mentor 
System design by system theory, open 
interactions between ecospheres 
NA 
R-128 as a sustainability compass  Measure sustainability compass NA 
R126 benchmark  Measure benchmark NA 
R-122 As a large dataset to determine characteristic statistics and constants  Measure characteristic statistics, constants NA 
R-49 Indirectly use Fibonacci principles in proportion. Measure, mentor 
Indirect, Aesthetics 
Indirectly use Fibonacci principles, 
proportions 
NA 
R-43 I do not emulate nature as a guide. Emulate is a wrong word. Misconception of 
terminologies, 
negative 
Not emulate, guide NA 
R-28 Don't emulate nature... adapt nature. Don't use plastic to copy natural forms. Use 
organism to grow those forms. 
Direct, form, 
Misconception of 
terminologies, 
negative 
Not emulate, adapt ,organisms, not to copy 
,natural forms 
NA 
R-75 As a background in which the design has to disappear ethically and in terms of 
ecological print. 
ecosystem, mentor Ecological print NA 
R-72 As a selector. Mentor Selector. NA 
R-112 to pitch, because of the biophilic beauty attraction  Mentor, Aesthetics biophilic beauty attraction NA 
R-107 Consultant Mentor Consultant NA 
R-94 as inspiration and its various strategies Mentor Inspiration & strategies NA 
R-89 for understanding the dependencies of different processes in a unified system 
 
Process Dependencies of processes in unified 
systems 
NA 
R-105 Concepts come from site and client interactions, and needs, it does not really guide, 
but influence how we look at design and building 
Indirect, Mentor Concepts Site and client interaction, not 
guide but influence 
A 
R-91 My designs must fit with nature - not only physically though - but spiritually and 
ecologically also, but this doesn't mean mimicry 
Indirect, ecosystem, 
Negative, 
misconception 
fit with nature, not only physically, spiritually 
and ecologically, not mimicry 
A 
R-90 Detail site/ context analysis Indirect, measure Context analysis A 
R-87 as outcome verification/comparison Measure Outcome ,verification, comparison A 
R-115 The interaction of my design with nature  Direct 
Indirect 
Design with nature A 
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R-59 Participate in a young biomimicry group in our office to learn how to understand and 
emulate natural forms and processes. 
Direct, Forms, Process Emulate, natural forms, natural processes A 
R-85 As an investigation of green solutions. Indirect, ecosystem Green solutions A 
R-51 Form as product of context. Form, ecosystem Form  for context A 
R-19 I use Urban Secessionism to understand cities. Ecosystem, direct Urban secessionism for cities A 
R-12 Depends what you mean by nature - I take nature to be all things... so I look to all 
things as design inspiration.  
Mentor Design Inspiration A 
R-03 Morphology performance (relationship between environmental inputs and the form). Direct, ecosystem, 
form, process 
Morphology performance, form 
environmental inputs 
A 
R-02 We need to focus on the watershed as an entire organism, and learn from there. Direct, process Watershed as a entire organism, learn A 
A-Architect    NA- Non-Architect      
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Rq6. If you have a different nature based approach to the above to conceptualise design please comment. 
RID No. Response Text Themes Key words Profession 
R-131 System theory for understanding nature as system, which creates "emergent phenomena’s" by 
interaction of different components in nature. 
Direct, ecosystem 
Process, mentor 
System theory emergent of 
phenomena’s, interaction with 
components of nature 
NA 
R-122 Refer to Q.4, Other As a large dataset to determine characteristic statistics and constants Measure Statistics & constants NA 
R-120 I no longer do hands-on design, but I use Big Questions about regeneratively  to spark 
conversations as part of a discovery process for seminar delivery 
Ecosystem, regeneratively NA 
R-113 An integration approach looking at non related biological systems Process, direct integration approach NA 
R-112 We use nature's principles to test how lifelike a prototype is, as a guide, as well as in the 
brainstorming stage. The ecosystem of the design, in social and material sense, is considered in 
our process. We also try to make the design tuned to evolve or stay constant based on analogies 
of the ways that life evolves. 
Direct, ecosystem, 
process, mentor 
nature's principles, guide, 
brainstorming stage, 
ecosystem, design,  social , 
material , process, evolve  stay 
constant , analogies the life 
NA 
R-01 Ecosystem service analysis (using the functions of ecosystems to devise regenerative design 
focused environmental performance goals) 
Ecosystem, Measure ecosystem service analysis, 
functions of ecosystem to 
regenerative design , 
environmental performance 
NA 
R-104 Working in research rather than practice Research Research NA 
R-89 I am trying to get out the simplicity of nature from complex natural systems. 
 
Proportions , Aesthetics Simplicity of nature from 
complex natural systems. 
NA 
R-88 Gebeshuber I.C. and Majlis B.Y. (2011) "3D corporate tourism: A concept for innovation in 
nanomaterial engineering", Int. J. Mat. 
Eng. Innov. 2(1), 38-48. Online ISSN 1757-2762, Print ISSN 1757-2754. Available for download 
at 
http://www.iap.tuwien.ac.at/~gebeshuber/IJMatEI020104_GEBESHUBER.pdf 
Model, direct Concept, innovation, 
nanomaterial’s 
NA 
R-75 I try to view mankind as a part of the nature, not as a different entity, and designing different 
shapes than those in nature but 'intrinsically' natural 
Form Mankind, part of nature, 
shapes, intrinsically, natural 
NA 
R-72 Restructuring the actual design process itself by understanding it more as an evolutionary 
process 
Process Evolutionary process NA 
R-49 to some extent we also follow existing contours of Greenfield sites to minimise cost and to 
conserve energy 
Mentor , Ecosystem existing contours sites to 
minimise cost and to conserve 
energy 
NA 
R-48 Intentionally asking and receiving information directly from an organism or natural system Direct directly from an organism or 
natural system 
NA 
R-43 I normally response to nature and natural Phenomenon’s. nature and natural NA 
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Mentor Phenomenon’s 
R-35 My work does not include the design of "things" directly, but instead uses writing, advocacy and 
outreach to educate the building industry about restorative processes and the need to gauge 
success based on how human habitat functions like nature. Biomimicry and Biophilia are at the 
core of our philosophy. 
Eco-system, Process, 
indirect 
restorative processes, human 
habitats functions like nature 
NA 
R-36 You can read an essay on my thoughts here: http://hellomaterialsblog.ddc.dk/2012/03/29/bio-
adaptation-of-fungi-to-grow-materials/ 
Direct, process  
Aesthetics 
Adaptation of materials NA 
R-17 Currently I am looking at what I term the butterfly effect looking at nature and how an anti-pattern 
to chaos theory can be used to derive at form of architecture which respond to change in 
environmental condition, a way to reverse the effects of damage caused or reduce the effects. I 
am also looking at what interactive architecture org does. 
 
Process, direct, form,  
butterfly effect, nature, anti-
pattern, chaos theory, derive at 
form, environmental condition,  
reverse, interactive, architecture 
NA 
R-06 Design patterns.  Mentor, Aesthetics Design patterns NA 
R-73 AS architects, we often attempt to build compatible with Nature. To respect nature does not 
always mean to mimic it: which is often difficult unless one knows full well how nature works. To 
my mind, we know very little of Nature's processes, although its products are seen and 
appreciated always. The least we can do is to make minimal interference with Nature; and hence 
build to value and appreciate as well as to give pride to its manifestations. Sometimes Nature is 
best to be left untouched. In fact, to build is to go against Nature. When Man builds, he wants to 
demonstrate to himself that he has 'become'; and has been able to overcome the Natures 
constraints. Simultaneously however, we also want to be with it. It is this duality that is at work 
always.  
Indirect 
 
Compatible ,nature, respect, not 
mimic, nature works, nature’s 
processes, minimal  
interference, touched, 
nature’s constraints, duality, 
A 
R-51 Organisms (buildings) respond to/grow to suit their environment (context).e.g. If the wind tends to 
blow W-E on a particular site, how can that be harnessed by the form of the building?  Same for 
sun angles, same for flow of user traffic... and many other things specific to any project.  By 
assigning these various forces vectors with weighted coefficients, we can parametrically 
determine the 'optimal' form of a building for its specific 'context'. 
Process, form, ecosystem Organisms , grow, suit 
environment, context, 
harnessed , form, flow ,user 
traffic, wind, forces, vectors, 
coefficients , parametrically 
,specific 
A 
R-91 I am not so methodological! In one project my concept was to take building material from around 
the site. This has obvious parallels with the way animals and plants do things because logistics 
are entirely human except for feeding the young. Yet this was not my concept at the time. 
Ecosystem Concept, materials from site, 
parallels, animals, plants, 
A 
R-44 I use common sense also; we humans are also part of nature; we have all the ideas already, but 
in the past we quit to those ideas. 
 
Ecosystem part of nature A 
R-78 Inspired by the basic ingredients of life, namely energy and information (the DNA molecule), I 
designed a whole model to mimic how life is generated and the underlying geometric model 
Model, form, process Ingredient ,life, DNA, mimic, 
generated, geometric model, 
A 
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based on symmetry groups of the plane and the dotless plane. Or how chemical, physical 
processes become morphogenesis. Catastrophe theory, Hjelmslevian and Greimasian semiotics 
enabled me to create the models. 
symmetry , dot less plane, 
chemical processes, 
morphologenisis, Catastrophe 
theory, Hjelmslevian and 
Greimasian semiotics 
R-19 Urban Secessionism posits that a city evolves one building at a time that each building is the 
specific result of the interaction between particular people at a particular time, and that cities are 
archives of successive economies.  Armed with this, one can read a city, understand its 
ecosystem, and propose ways to evolve it further. 
Ecosystem, Direct, form Urban Secessionism, city, 
evolves, particular people, 
particular time, understand, 
ecosystem 
A 
R-18 I just don't understand how a complicated topic like this can be discussed on a 1-7 scale. Lack of clarity  A 
R-12 The problem must be stated clearly.  Some would say the brief IS the design.  So... building in a 
hot climate for example is not 'staying cool' or 'loosing heat' but possibly 'adjusting the flow of 
energy'  otherwise solutions from the arctic (e.g. insulation) or from the backyard (daisy) might be 
missed. 
Process, 
ecosystem  
Brief, adjusting, flow, energy, A 
R-02 Regenerative Development Ecosystem Regenerative Development A 
R-100 Depending on the size (the smaller the easier to mimic nature) of the project and client, larger 
systems are so ingrained in building procedures these days with tight schedules and cost per sq 
meter or foot. 
Scale smaller the easier to mimic 
nature 
A 
R-105 Eco-system services and whole-system dynamics Ecosystem, mentor Eco-system services and 
whole-system dynamics 
A 
R-90 research - to fully understand the site/context of a project, it's natural habitat Ecosystem, indirect site/context, natural habitat A 
 A-Architect    NA- Non-Architect      
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Rq15. Your comments/ additional information if any.  
RID No Response Text Themes Key Words Profession 
R-124 Great Survey Positive, clarity  NA 
R-98 Questions 13 and 14 I answered with regard to the S-House (www.s-house.at). Other 
questions I answered in general. 
Process S-House NA 
R-122 Systems engineering is a key discipline Form, mentor, systems 
theory 
key discipline; Systems-engineering ,   NA 
R-01 It demonstrates that you might need to do some more research about different 
understandings of biomimicry in particular. Your questions and the format of answers 
that are available will predetermine your results. Good luck with the research. 
Suggestions More research of different understandings 
of biomimicry,  
NA 
R-100 www.nysuperstudioarchitects.com finally in the last 10 years made some very green 
small buildings, but at a great cost to my own Time and profitability. larger projects 
are what they are, business 
Scale 
Time and profitability 
Scale of applicability ;appropriate for 
larger than smaller buildings 
NA 
R-94 Questions are difficult to understand. The possibilities to answer look like very 
adapted for an individually constructive project and difficult to understand. I guess 
only architecture and designer are able to answer objective and well! 
Lack of clarity 
individually constructive 
project 
very adapted for an individually 
constructive project 
NA 
R-87 The limitations on most projects have come from internal constraints (within the 
practice) not allowing sufficient resources and fees required to carry out the 
necessary research and explorations. Although Clients are often limiting, the 
ultimate limitation comes from a perceived lack of conviction of the value that well 
explored design ultimately offers by our practice, and so in practice it reverts to the 
"known" value offerings. 
internal constraints lack of 
funds for research 
lack of conviction of the 
value  
Constrains 
internal constraints, lack of sufficient 
resources and fees for research and 
explorations, Clients limiting, lack of 
conviction of the value, known value 
offerings 
NA 
R-80 A holistic and integrated approach is needed.  Until all aspects of the construction 
profession have equality in education coupled with a willingness to unlearn existing 
dogma, and until clients themselves are open and receptive to new paradigms, then 
our noble efforts are doomed to failure. 
Suggestions, holistic and 
integrated approach 
new paradigms 
holistic and integrated approach, equality 
in education, unlearn existing dogma, 
clients are open, receptive, new 
paradigms, 
NA 
R-74 I think the question number 14 is the ONE to explore deeply in you research!!!!!!!! Suggestions Core Constraints to be explored more deeply NA 
R-69 Q11. I wouldn't say that nature is solely 'responsible' as (good) designers were 
doing this whether they looked at nature or not - it’s just that nature serves as a 
reminder / check list. 
Q13. I can help all of these factors, not necessarily at the same time - just depends 
on your brief and project context. There are endless areas to peruse when 
emulating nature. This is why I haven't ticked the box since its project specific 
Mentor 
 
Eco system 
 
project 
Nature serves as a reminder / check list. 
Depends on your brief and project 
context. Project specific, many areas to 
pursue emulating nature. 
NA 
R-49  some of the questions above are difficult to answer because of lack of clarity / lack 
of credibility in the way the questions are phrased…. 
Negatives Lack of clarity / lack of credibility NA 
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 Financial understanding needs to be addressed and its not going to work if they 
haven’t found out a way to make it cheaper than current methods or at least 
cheaper in the long run. 
Cost effective ways Financial understanding, cheaper, than 
current methods 
NA 
R-28 http://hellomaterialsblog.ddc.dk/  Innovations ;materials and techniques 
inspired by nature 
NA 
R-32 Having worked as a biomimicry consultant on built environment projects, I've got 
some more specific feedback that I hope helps. 
Q7-There are all sorts of sustainability frameworks & I do not believe any one is 
better than the other, as they all have inherent strengths. You really need to use the 
one that forms a common language (Yeang argues for this), and consequently 
creates buy-in among your stakeholders. For instance, I have certain criticisms of 
LEED; however, at the end of the day, it is the current sustainability system that 
contractors, engineers & architects depend upon, so this is a leverage point for me 
to embrace it as a common language. Also, these different frameworks all have 
their relevance toward respective design challenges, so it is difficult to rank one 
against another, or say that any one is highly important. The designer just needs to 
use the one they are most comfortable with & "fits" with their design group. 
 
Q9-As far as Life's Principles go, these are all important. However, It is important to 
distil respective strategies from place. For instance, particular strategies are more 
pertinent in a rain forest than in the desert, and sustainability frameworks thus far, 
make it difficult to consult local experts (nature)-they typically try to generalize 
sustainability to a one size fits all model. 
 
Q10-BIM is instrumental in establishing a in the built environment, and in creating 
buildings that are anything close to "living"; however BIM depends on a combination 
of modelling programs mentioned in this list & will not be the end all to design, as 
we continue to evolve. 
 
Q11-I'm confused on how to respond to this one. These are all passive design 
strategies that should occur from an architect, regardless of any influence from 
biomimicry....e.g., ecological design (Van der Ryn), or Sun, Wind & Light 
(Brown/DeKay). 
 
Q12/13-Kind of along the idea of Q11, we can use biomimicry as a basis for these 
design principles. There are some architects that inherently design "with" nature, 
already, in particular the ones that already are seeking out to biomimicry. 
Attitudes , 
Future suggestions 
sustainability frameworks, common 
language, criticisms of LEED, depended 
on sustainability system, common 
language ,diff most comfortable, difficult 
to rank, fit, design group,  
 
Life's Principles, important, distil 
respective strategies from place, 
generalize sustainability, one size fits all 
model, 
 
 BIM, instrumental, common language, 
living, modelling programs, evolve 
 
passive design strategies, 
 
regardless of any influence from 
biomimicry, biomimicry as a basis for 
these design principles, 
client, design with nature seeking out to 
biomimicry 
 
Client to all stakeholders present 
NA 
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Q14-this one is very difficult to rate, as all contracts have their inherent challenges. 
The most important thing is to have buy-in from the client, and have all stakeholders 
present from the beginning, and this will help with all of the bullets mentioned. 
R-17 Very interesting project would be interested in get involved.  Especially applying 
biomimicry in high rise and residential planning. Also using these in the context of 
urban planning i.e. inspiration taken from the humble leaf or the process of 
caterpillar to butterfly which has very significant information that can be adapted 
both in the process of architecture as design process.   I am interested in seeing 
this utilised more opening in architecture.  good luck 
Process, direct humble leaf, process of caterpillar to 
butterfly, process of architecture design 
process, 
NA 
R-76 I think limited ecological knowledge of professionals and clients is a major factor in this field. We must 
Integrate ecological literacy in our school curriculum.We have very limited knowledge about ecosystem, 
we hardly think about close loop system in our day to day life. 
 
Ecosyst m, Constraints limited ecological knowledge of 
professionals, clients, integrate, 
ecological literacy, school curriculum, 
limited knowledge about  ecosystem, don 
not think about close loop system 
A 
R-59 We are currently in the exploratory phase of embracing biomimicry and at this point 
we are more curious than knowledgeable.  We have an inspired leader and a small 
group of about 12 who meet monthly to discuss news, ideas, approaches, etc. 
Brainstorming Exploratory phase, embracing biomimicry, 
more curious than knowledgeable. 
Knowledge sharing  
A 
R-78 I do think my sustainable architectural and urban design theories to create urban 
ecosystems would be a thorough success if qualitative programming languages 
would be available. I am currently studying Mandarin to see if I can extract 
qualitative constructs for programming. 
In my PHD thesis I showed the models are easily transformed into software 
mimicking the artistic nature of design in the oriented language Self. 
 
Model, Suggestions sustainable architectural and urban 
design theories urban ecosystems, 
success, qualitative programming 
languages, models, transformed, software 
mimicking, prototype based object 
A 
R-40 Personally I am practicing intuitively taking nature as a inspired design approach 
when designing a building. But when it comes to convincing the client it is very 
difficult task, since their pessimistic attitudes on nature based approach. They have 
negative attitudes of using recycling material, reused materials, respond to natural 
climate (openings, court yards, etc), and astrological concerns etc. They think to 
build a building for long life. They want weather proof, insects’ proof, and rigid, 
protected, refined materials and a well-equipped building. Simply they are expecting 
a compact highly facilitated and protected enclosures as buildings to build to a 
minimum cost. The only difficulty is to break this negative attitude. 
Indirect, Constraints Intuitively, use nature, design approach, 
convincing the client ;;their  negative 
attitudes  on nature based approach 
using recycling material, reused 
materials, respond to natural climate, 
astrological concerns, weather proof, 
insects’ proof, and rigid, protected, refined 
materials, minimum cost, long life span of 
the building  
A 
R-20 It was a little unclear what was being asked in question 11: To what extend has 
nature as an approach been responsible in determining the following design 
attributes in order to enhance ecological sustainability? 
Lack of clarity, Suggestions 
 
Unclear A 
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R-19 I use fiction as a way to prod the imagination toward more creative solutions.  
Hopefully those with more scientific minds can make the ideas happen. 
Mentor Fiction; pod imagination to creative 
solutions. Positive for scientific minds 
A 
R-18 I'm not sure if this survey was sent randomly or to specific targets. In either case I 
don't believe the questions can be answered in 1-7 important or not important level. 
There is no context to them and this is what's wrong with today's green building 
practices (e.g.LEED and similar attempts). Perhaps you would have more useful 
results if you had one example and asked these questions about them. 
Project specific, Negatives Negative about rating systems LEED, as 
an example 
A 
R-12 Q11 very hard to answer!  Assuming it means my attitudes?  But the answers could 
vary a lot depending on the project. I can’t remember where I first heard about 
recycling - from my Granny probably... and where did she hear about it? Anyway my 
Granny is part of nature. It certainly wasn't in personal conversation with Janine 
Benyus - could have been Paturi's book, or Bucky-fuller.  Most of the concepts I had 
already heard about from a not-explicitly stated biomimetic methodology.   Hmmm... 
not sure I understand the question. 
Project specific depending on the project, recycling, A 
R-09 Thank you very much for including me in this survey.. I wish you luck with your 
further research.... 
Hope we can build an actual model with the help of Bio mimicry in near future...   
Model, Future suggestions Actual model, Bio mimicry in near 
future.... 
A 
R-03 Biomimicry is very hard to match with cultural or historical constrains because 
biomimicry is about adaptation and performance while culture is about identity and 
people character. Biomimicry is very useful for performance driven design or 
evidence based design such as healthcare facilities. Also biomimicry features tends 
to be expensive because of its relationship with very novel or non-practical 
technology for buildings (NASA, ongoing research, emergent materials). 
Process, Suggestions Biomimicry is hard to match with , cultural 
or historical constrains, adaptation and 
performance, identity and people 
character, performance driven design, 
evidence based design; healthcare 
facilities, biomimicry features; expensive, 
novel or non-practical technology for 
buildings 
A 
R-113 Questions seem to focus on building projects. Biomimetic is used in a much wider 
way from business process through to product development. Questions are limiting 
in this sense and also make assumptions on audience knowledge about buildings. 
Approach as such as Business Biomimetic is missing from the list - might have 
helped if each method was explained. 
Process, Negatives, Lack of 
clarity, Suggestions 
Biomimetic, business process, to product 
development. assumptions, audience 
knowledge ,Approaches 
 Business Biomimetic missing, each 
method, explained. 
A 
R-91 I would answer these questions differently for every project - here I have tried to 
provide my normative expectations based on previous experience. But with each 
project there are different circumstances. Is the project urban or rural? Is it off the 
grid or on? Is the project a major public building or a holiday house, do I have a 
paying client, or am I the client? 
Constraints, type of project, 
Project specific 
Different project based; different 
circumstances; urban, rural, off the grid or 
on. type of building, fees 
A 
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Rq14.To what extent have the following constraints affected the final design outcome in using nature as a design approach? 
RID No Response Text 
 
Themes Key Words Profession 
R-136 too little existing experiences and appropriate products available Experiences, products  existing experiences, products available NA 
R-117 Fear of the unknown! Negative  NA 
R-112 Lack of examples of cost efficiencies and success stories Cost efficiencies, 
Success stories 
examples of cost efficiencies and success 
stories 
NA 
R-74 I think this question is the core of your research!!!!!!!! Core Core research NA 
R-69 I think it comes down to educating others therefore additional time required which 
always = more money! 
Educating others, time, cost Educating others, additional time, more 
money 
NA 
R-47 financial incentives by government or other bodies Incentives financial incentives NA 
R-59 Embracing a new way of thinking New way of thinking - Mentor new way of thinking A 
R-19 The technologies have not developed enough. 
 
Technologies Technologies not developed A 
R-12 Difficulty of ratifying from engineers perspective systems with multiple variables 
and lots of multiple variables. QS has problems costing non-standard tech. etc 
Costing non-standard 
techniques 
engineers perspective systems, multiple 
variables, problems costing non-standard 
techniques 
A 
R-100 People and real estate ones in particular have evaluation system that is out of 
date, and won't change 
Out of date evaluation 
system 
People and real estate evaluation system 
,out of date, won't change 
A 
R-78 Absence of qualitative programming language that even kids or artists can 
program. 
Qualitative program language qualitative programming language A 
 A-Architect    NA- Non-Architect      
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Rq10. How important are the following software to help integrate physical attributes-form, space and fabric effectively when designing? 
RID No.  Response Text 
 
Themes Key words Profession 
R-136 TRNSYS, REVIT, ArchiCAD Sustainable Design, Vasari, ... see IEA SHC Task 41 New software TRNSYS, REVIT, 
ArchiCAD Vasari, IEA 
SHC Task 41 
NA 
R-131 I haven’t used programs above in design process. Rhinoceros 3D is best 3D-modeling so 
far I have met, simply because making and editing models in it is simplest. 
New software & information Rhinoceros 3D 
modelling NA 
R-128 i don't know these softwares Negatives;  NA 
R-122 Goldfire, FreeCAD, OpenCFD New software  Goldfire, FreeCAD, OpenCFD NA 
R-120 
ICE software for design/specification/order/manufacture/and delivery: integrates power, 
millwork, data networks, flooring and 
modular walls 
New software & New information 
ICE software NA 
R-108 SolidWorks New information Solid Works NA 
R-104 Not working as a designer   NA 
R-58 I don't use any of these software’s in my work. Negatives;  NA 
R-50 Sefaira New information Sefaira NA 
R-49 
Today's economic climate dictates high speed, low fee, therefore AutoCAD. Although 
EcoTect is useful when we have the time and fee to use it. My current feeling is that BIM is 
a white elephant, only loved by people who haven't used it in real life fee/program world. 
New information, negatives positives 
AutoCAD. Eco Tect NA 
R-37 Programming allowing the  incl. of direct integration of material and environmental parameters 
New information  NA 
R-28 I use Solid Works. New information Solid works NA 
R-113 paper and pencil Conventional methods Paper pencil A 
R-105 ArchiCAD, VectorWorks, GIS New software Archi-CAD, VectorWorks, GIS A 
R-116 Rhinoceros / Grasshopper New software Rhino / Grasshopper A 
R-100 Bentley Architecture and Ecosim New information Ecosim A 
R-91 I'm old fashioned. I use pencil and paper, pen ink and gauche. To generate construction drawings use Vector works. Many of my colleagues use BIM - either in Revit or Archi CAD. 
New information Vectorworks 
BIM, Revit or Archicad. A 
R-78 The software models must follow seamlessly the theoretical and geometric models to generate urban ecosystems 
New information geometric models A 
R-52 Rhinoceros / Grasshopper New software Rhino /w Grasshopper A 
Appendix	E5:	Content	data	analysis	of	response	text‐Sq	10	
Exploring	a	Biomimicry	Approach	to	Enhance	Ecological	Sustainability	in	Architecture	 A‐46	
R-36 Rhinoceros  New software Rhino A 
R-34 Rhinoceros, Grasshopper, Kangaroo New software Rhino, Grasshopper, Archicad A 
R-33 Revit, Bers Pro New software Revit, Bers Pro A 
R-21 Revit Architecture Software Revit Architecture A 
R-12 Hmmm... None are fast enough for designing IMO –  
but good for e.g. analysing or drawing. and I tend to prefer 
empirical analysis and or a visceral understanding or e.g.  
solar geometry - to be Finetuned by the engineer. 
 
New information 
Catia A 
R-08 Catia New software Bers Pro A 
R-03 
ETABS, Generative Components, ANSYS, SAP 
New software ETABS, Generative 
Components, ANSYS, 
SAP 
A 
R-125 DataCadd New software DataCadd A 
 A-Architect    NA- Non-Architect       
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Rq16.Profession-Others  
RID No. Response Text Themes Profession 
R-137 Scientist in Climate-Engineering, Solar Architecture, Biomimetic and 
Energy in Built Environment  
Main  
 
profession 
 
Engineering 
 
More diversity  
 
in the fields 
NA 
R-132 Design student NA 
R-125 BIM Specialist NA 
R-99 Scientist NA 
R-119 MBA Student NA 
R-113 biologist NA 
R-115 Action-researcher NA 
R-114 Biomimetics researcher NA 
R-118 Biologist NA 
R-106 Urbanist, Sustainability Consultant NA 
R-103 Environmental Engineer NA 
R-95 Biomimetics in Energy Systems NA 
R-89 Urban Designer NA 
R-82 Landscape Architect NA 
 Architectural Technologist NA 
 Industrial Designer NA 
R-67 Architect NA 
R-50 Architect and urban designer  NA 
R-48 electrician NA 
R-38 University researcher NA 
R-29 Marketing NA 
R-25 Structural engineer NA 
R-18 I am currently studying architecture NA 
 Industrial Designer Main  
 
profession  
 
Architecture 
 
Less diversity 
 
In the fields 
A 
R-69 sustainable economics, energetic of place A 
R-63 Planning and Urban Design A 
R-58 Building Scientist A 
R-54 Professor A 
R-37 PhD candidate-Biomimicry A 
R-28 educator A 
R-22 Graduate Student- A 
R-20 Writer, Lecturer A 
R-13 lecturer, art director A 
R-09 Sustainability-consultant A 
R-04 Biomimicry-consultant and Senior Researcher A 
R-109 Policy advisor at environmental agency A 
 Urban Design A 
 A-Architect    NA- Non-Architect       
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A Biomimicry Approach in Architectural Eco Design Practice 
What is Biomimicry? Definitions 
 
Dependent Constructs -(Constituents) of a Biomimicry 
Approach  
Independent Constructs -(Scales & Components ) of a Biomimicry 
Approach: 
Transferring ideas, 
concepts and strategies 
form natural systems to 
built systems within a 
sustainable framework to 
generate innovative 
designs. 
Biomimicry is learning 
from and then emulating 
natural forms, processes, 
and ecosystems to create 
more sustainable designs 
(Baumeister, Tocke , 
Dwyer , Ritter  & Benyus, 
2013, p. 13). 
 
Biomimicry (from bios, 
meaning life, and 
mimesis, meaning to 
imitate) is a design 
discipline that seeks 
sustainable solutions by 
emulating nature’s time-
tested patterns and 
strategies. , e.g., a solar 
cell inspired by a leaf (3.8 
Biomimcry Guild 2009) 
 
Main constituents seen as a concept, procedure & an application 
 
Biomimicry as a concept consults Nature as a; 
Model:  Biomimicry is a new science that studies Nature’s models 
and then emulates these forms, processes, systems, and strategies 
to solve human problems – sustainably. 
 
Mentor:  Biomimicry is a new way of viewing and valuing nature. It 
introduces an era based not on what we can extract from the 
natural world, but what we can learn from it. 
 
Measure:  Biomimicry uses an ecological standard to judge the 
sustainability of our innovations. After 3.8 billion years of evolution, 
Nature has learned what works and what lasts (Biomimcry Guild 
2007) 
 
Biomimicry as a procedure sees Nature as a: 
Direct Approach: mimics strategies of an organism, a behavioural 
pattern or a system in nature  
 
Indirect Approach: the design uses abstract ideas and concepts 
as principles 
 
Biomimicry as an application is seen at 3 levels: 
Form: What is the shape? 
 
Process: How does it perform and made? 
 
Ecosystem: How does it fit with the whole? (Biomimcry Guild2007) 
Design Disciplines-Organism based, Ecological based,  
 
Guiding Tools-Behavioural, Environmental, Green Benchmark,  
 
Design Stages- Conceptual, Design Development,   
 
Design Principles-Resource Efficiency, Spatial Efficiency,  
 
Design Propositions-Spatial Integration, Resource Integration,  
 
Design Constraints- Primary, Secondary,  
 
Design Attributes-Climate Attributes, Green Attributes,  
 
Design Software 
Physical Attributes 
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Evolution of Biomimicry Principles and Constructs of Biomimicry Design Propositions 
Biomimicry Principles (Benyus 
1997) 
Sustainable ideas from 
Nature–Mature ecosystem 
(Benyus 1997) 
Biomimicry Theoretical 
Transformation (Head 2008) 
Ecosystem Principles based on 
Biomimicry theory (Pedersen Zari 
2007 ) 
Proposed Biomimicry Design Propositions 
Nature runs on sunlight 
 
Nature uses the energy it  
Needs 
 
Nature fits form to function 
 
Nature recycles every thing 
 
Nature rewards cooperation 
 
Nature banks on diversity 
 
Nature demands local expertise 
 
Nature curbs excess from within 
 
Nature taps power of limits 
Self–assembly 
 
CO2 as a feedstock 
 
Solar transformation 
 
Power of shape 
 
Quenching thirst 
 
Metals without mining 
 
Green chemistry 
 
Timed degradation 
 
Resilience and healing 
 
Sensing and  responding 
 
Growing fertility 
 
Life creates conditions 
conclusive to life 
 
Use waste as a resource 
 
Diversify and cooperate 
 
Gather and use energy 
efficiently 
 
Optimise not maximise  
 
Use materials sparingly 
 
Clean up not pollute 
 
Do not draw down  
resources 
 
Remain in balance with the 
biosphere 
 
Run on information 
 
Use local resources 
 
   
Sunlight: Ecosystems are 
dependent on Contemporary 
sunlight.  
System optimization: Ecosystems 
optimize the system rather than its 
components. 
Local context: Ecosystems are 
attuned to and Dependant on local 
conditions 
Diversity: Ecosystems are diverse 
in components, relationships and 
information  
Life enhancement: Ecosystems 
create conditions favourable to 
sustained life. 
Adaptation and evolution: 
Ecosystems adapt and evolve at 
different levels and at different 
rates. 
  
Reduce over designing  
 
Eliminate unutilised space (Waste space) 
 
Spaces to be integrated not segregated  
 
Every space component to have multiple functions 
 
Fabric adapts to climate 
 
Use of multi-functional materials and technology 
 
Building shapes as per environmental  constraints 
 
Integration of functions generates the basis of form 
 
Flexibility in design 
 
Creation of two spaces generates the third space 
 
Every space and component need not be designed but  
generated 
 
Understand the ecosystem balance and fit in terms of site 
and environment 
 
Create diversity by creating places of variety 
 
Create a built form of it own character  
 
Every part to be connected to the whole 
Reduce building foot print 
Appendix	F3:	Proposed	of	biomimicry	design	Indicators	
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Proposed Biomimicry Design Indicators from analysis of literature 
1. Functional  Integration 2. Environmental  Adaptation 3. Innovative form  4. Spatial Efficiency 5. Spatial Effectiveness  6.Spatial Expression  
 
Multi functionality 
 
Waste space and elements 
 
Material reuse and recycle 
 
Hierarchy of functions 
 
Synergy between disciplines  
 
Organization structure 
 
Behavioural patterns  
 
Communication 
 
 
Fabric adaptation 
 
Orientation; sun path, light, 
 ventilation other climatic 
conditions. 
 
Spatial and time organising  
Mechanism 
 
Effective positioning-sitting 
 
Building foot print  
 
Massing 
 
 
Scale and proportion 
 
Unit to whole 
 
Geometric progression  
 
Aesthetics: colour, texture, 
shape, patterns 
 
Systems integration-fabric, 
structure, services, spaces, 
 
 
 
 
 
Optimisation 
 
Compactness 
 
Transitional spaces 
 
Variety 
 
Flexibility 
 
Diversity 
 
 
Views and Vistas 
 
Spatial comfort  
 
Spaciousness 
 
Spatial harmony 
 
Camouflaging 
 
Attracting the opposites 
 
 
Light as shape and form 
 
Colour as shape and form  
 
Texture as shape and form 
 
Space as shape and form 
 
Pattern as shape and form 
 
Sound as shape and form 
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